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Abstract 
This thesis is focused on the manipulation of solid spheres and droplets with 
a particular focus on medium exchange and size based sorting. Two novel 
microfluidic devices are demonstrated. Firstly, a medium exchanger capable 
of transferring spheres and droplets between two miscible liquids was 
developed. The primary phase was extracted via a series of narrow 
perpendicular channels using a pressure differential created by mismatched 
input flow rates. Complete exchange of mineral oil phases has been 
demonstrated along with the use of the device to create a buffer region for 
chemical sphere curing of alginate droplets for use in stem cell 
encapsulation. This device offers simple passive exchange at greater 
throughput than previously demonstrated. 
The second device is a tuneable sphere focusing device that focuses spheres 
via inertial lift forces. Through the compression of the device the channel 
width is reduced such that the spheres are moved from an unfocused state 
into two focused streams. Focusing of 12µm spheres into two streams is 
achieved through channel dimension deformation. The device is shown to 
be capable of up to 88% ±1.1% focusing when compressed whilst the 
uncompressed device only focuses 51.4% ±2.1% of the spheres. The 
deformation of the device offers the potential for a greater range of tuning 
than previously possible with inertial lift based sorting. 
  
 2 
Project Aim 
This project was initially funded by ThermoFisher Scientific Ltd and as a 
result the original aim of this project was to use microfluidics to improve the 
manufacture of silica spheres for use in high performance liquid 
chromatography (HPLC) columns. In collaboration with ThermoFisher two 
main avenues for improvement were identified. Firstly, it was decided that 
finding some way to perform in flow medium exchange would be 
advantageous. When silica spheres are manufactured by ThermoFisher they 
are produced in a large tank where tetraethyl orthosilicate (TEOS) is mixed 
with acid, water and a surfactant for several hours. Following this they are 
left to settle to the bottom of the tank and then transferred to another large 
tank to clean them in acetone. This process is extremely time consuming and 
also involves large quantities of chemicals and therefore some way to 
transfer spheres from one solution to the other, in flow, on a microfluidic 
scale would offer advantages in terms of safety, speed and waste reduction. 
The second area identified was sphere sizing. The spheres created by 
ThermoFisher using the two-tank technique have a normal diameter 
distribution and therefore often cover a wider range of diameters than 
desired. Monodispersity is advantageous in spheres used in 
chromatographic columns as it allows the spheres to be packed more tightly. 
Packing the spheres more tightly allows a greater number of spheres to be 
packed into the column, which in turn provides a greater silica surface area. 
A greater surface area means better chromatographic performance as there 
is a greater area available for bonding [1]. The distribution of sizes created 
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during manufacture means that size sorting is necessary.  Currently this is 
performed based on the mass of the spheres but this can prove problematic 
as the density typically ranges from 1800-2200 kg/m3 [2]. Inconsistent 
density can lead to spheres of different sizes having the same mass. Thus a 
simple microfluidic sorting technique capable of density independent 
sorting of silica spheres was identified as a project goal. 
1 Introduction to Microfluidics 
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1 Introduction to Microfluidics 
Fluids behave differently at the micro-scale compared to how we perceive 
fluids, more generally, on an everyday basis. This is due to the increased 
influence of forces, such as interfacial tension, and the viscous force of a 
fluid at this scale, as opposed to the dominance of inertial forces at the 
macro-scale [3]. Microfluidics attempts to exploit this different behaviour by 
creating chips, that comprise of channels with at least one dimension that is 
in the micrometre scale, to manipulate the behaviour of liquids and gases [4, 
5]. An example of this ‘different’ behaviour is shown in Figure 1-1. 
 
Figure 1-1: An example of the behaviour of fluids at a micrometre scale. Two fluids are 
introduced to each other within an enclosed 500µm x 1mm cross-section channel (in this 
case the fluids are chloroform and chloroform coloured with Sudan red dye). On a 
macroscopic scale, the liquids would be expected to mix together through turbulence. 
However, at the micro-scale the two streams flow alongside each other with mixing only 
occurring through diffusion. 
1.1 History of Microfluidics 
In 1883, Osborne Reynolds performed a study into the flow of fluids in glass 
pipes [6]. By adding streams of coloured water to fluid flowing through 
these glass pipes, he was able to observe that by varying flow velocity, pipe 
1 Introduction to Microfluidics 
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diameter and fluid temperature, it was possible to alter the manner of flow 
within the pipes. He discovered that there was a transition from ‘streamline’ 
to ‘sinuous’ flow; what we now know as laminar and turbulent flow 
respectively. This discovery laid the foundation of modern microfluidics. 
 
Despite this early discovery the first true step on the path to microfluidics 
has been cited as Richard Feynman’s seminal 1959 lecture “There’s Plenty of 
Room at the Bottom” [5, 7]. In this lecture, Feynman championed the 
potential of miniaturisation and challenged the scientific community to push 
the limits of technology into the micro- and nano-scale. This strive for 
miniaturisation lead to the emergence of the field of microelectromechanical 
systems (MEMS) through the 1970s and 1980s [8, 9]. There were also 
examples of microfluidic technology during this time [10-12]. However, due 
to manufacturing difficulties, these remained largely isolated instances until 
the 1990s.  During this decade there were advances in MEMS technology 
that allowed microfluidics to begin to emerge as a promising research field. 
The microfluidic technologies developed in the 1990s covered a diverse 
range of topics such as electrophoretic separation [13-15], electro-osmotic 
pumping [16], diffusive separation [17], micromixers [18], DNA analysis 
[19-21], cytometers [22] and chemical microreactors [23]. 
Many of the early microfluidic devices were manufactured with silicon and 
glass. The use of silicon was found to have some limitations as it is 
expensive, opaque to visible light and impermeable to gases [24]. Moving 
into the 21st century devices manufactured out of polymers such as 
polydimethyl siloxane (PDMS) were developed. These polymer devices were 
1 Introduction to Microfluidics 
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quicker and easier to manufacture, and provided additional advantages such 
as permeability to gases, such as oxygen and carbon dioxide, meaning that 
the use of living cells in such environments became more viable [24]. This 
development helped the field of microfluidics to continue to expand into 
areas such as chemical synthesis [25, 26], bioanalyses [4, 27], drug 
screening [4], separations [28, 29], cell analysis and manipulation [4, 30] 
and multiphase flows to generate droplets and bubbles [31-33]. 
 
1.2 Why Microfluidics? 
The diversity of microfluidic technology is a result of the many advantages 
associated with the use of fluids at such a small scale. The laws of scale 
dictate that heat transfer and chemical reactions occur much more rapidly at 
the micro-, rather than macro-scale, meaning that throughput can be 
dramatically increased [4]. Additionally, the small quantities used mean that 
strongly endo- or exo-thermic reactions, that are difficult to control on the 
large scale, are more easily controlled [5]. The faster reactions are a result of 
reduced diffusion times and also the increase in surface to volume ratio that 
results from a reduction in size [3]. 
Reducing the quantities of chemicals used, offers potential cost reductions 
and, also a lowers the risk of chemical contamination of the surrounding 
environment. When combined with the reduced footprint of microfluidic 
devices, it is potentially possible to produce microfluidic devices close to 
potential users and therefore also reduce transportation costs [5]. 
1 Introduction to Microfluidics 
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Another advantage of microfluidics is the potential to integrate numerous 
processes onto one device. These devices are known as micro total analysis 
systems (microTAS) or as a lab-on-a-chip [5]. Integrated devices allow many 
stages of analysis or synthesis to be carried out within an enclosed device. 
This reduces the time taken to perform the task and also reduces the risk of 
contamination occurring between stages [5]. As long ago as 1998, a device 
was demonstrated that was capable of measuring an aqueous reagent and 
DNA solution and then mix the two, amplify or digest the DNA and finally 
separate and detect the result, all on one chip [34]. 
Using such small volumes creates a challenge to ensure that sufficient 
quantities are used to make microfluidics commercially viable. Thanks to 
the small footprint of the devices it is possible to employ massive 
parallelisation [5], this increases the overall throughput to the point that it is 
possible for them to be viable. Parallelisation also provides another 
potential advantage as it offers the potential to test many different reactions 
at the same time making microfluidics useful in areas such as drug 
development [5]. 
 
1.3 Fluid Flow 
Fluid behaviour can be completely different at the microscale to what is 
seen at the macroscale [35]. To understand this difference we must first 
consider the characteristics of fluids. 
Liquids are generally characterised by three parameters: density, ; 
pressure, P;  and dynamic viscosity, µ. 
1 Introduction to Microfluidics 
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Pressure in a liquid depends on the depth within the liquid; on the micro-
scale of microfluidics this pressure differential can be considered to be 
negligible. Pressure applied externally, such as from an inlet or outlet will 
induce the liquid to flow. 
 
A liquid in motion will resist the force applied to it due to its internal 
friction. This internal friction is the viscosity of the liquid. It is a 
measurement of the relationship of shear stress created by the applied force 
and the resultant velocity this force induces. A fluid is considered Newtonian 
if the shear stress is directly proportional to the velocity gradient. 
Otherwise, the liquid is non-Newtonian [35]. Whilst non-Newtonian fluids 
encompasses any fluid with flow properties that differ from Newtonians 
fluids, many people will be most familiar with the non-Newtonian behaviour 
of a cornflour in water mixture whereby the viscosity increases when the 
fluid is put under stress. 
 
1.4 Flow Characteristics 
 
Flow conditions are determined by the magnitudes of inertial and viscous 
forces as expressed by the dimensionless Reynolds number, Re, as given by 
the equation 1.1 for an enclosed channel: 
𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠
𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=
𝜌𝐷ℎ𝑈𝑎𝑣𝑔
𝜇
    (1-1) 
1 Introduction to Microfluidics 
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where Dh is the hydraulic diameter, ρ is the fluid density, µ is the dynamic 
viscosity and Uavg is the average velocity of the moving liquid. The transition 
between laminar and turbulent flow is dependent on the channel geometry 
but in a straight channel it typically occurs at around Re = 2000-2500 [35-
37]. Below 2000 viscous forces dominate and the flow is laminar. Above this 
value, inertial forces are dominant. 
 
It is clear from equation 1-1 that low Re can be achieved with a low velocity, 
small dimensions or low density, as well as with high viscosity [36]. 
Therefore, it is clear that with the small dimensions of microchannels, the 
laminar flow regime will likely be dominant. This can be demonstrated if 
water flowing in a square 500m channel is considered. To obtain a Re that 
equals or exceeds even the lowest end of the transition zone (Re=2000) the 
water must flow at 90mph [35].  
 
To understand fluid flow, a set of equations that have been created based on 
the fundamental laws of conservation of mass, momentum and energy can 
be considered. These laws are combined with fluid equations governing 
viscosity and thermal conductivity to create the equations known as the 
Navier-Stokes equations [38]. The equations themselves are not solvable as 
there are fewer Navier-Stokes equations than there are unknown 
parameters within said equations. This means that several conditions have 
to be adopted to solve them based on the given circumstance. Most often a 
no-slip boundary condition is adopted [35]. The velocities at phase 
boundaries (i.e. the boundary created by a channel wall and liquid) must be 
1 Introduction to Microfluidics 
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equal, therefore, with the no-slip condition, the fluid velocity must be zero at 
the walls [35]. This type of flow is known as Poiseuille flow, which is 
characterised by the faster flow in the centre of the channel [39]. 
 
Figure 1-2: Illustration of Poiseuille Flow.  Fluid is introduced to an empty channel. Arrows 
placed at the fluid boundary indicate the direction of flow and their length indicates the 
magnitude of flow rate. Flow is faster at the centre of the channel than at the edges. 
In microfluidic systems there are generally two types of flow mechanisms; 
directed transport and statistical transport. Directed transport is a result of 
work being exerted on the fluid, for example by a mechanical pump, and 
leads to volume flow of the fluid. Statistical transport is entropy driven; for 
example, diffusive mixing. Robert Brown investigated diffusion in 1827 
when he observed the erratic behaviour of pollen on the surface of water  
[40] but it was Einstein et al. that established the role of molecules in the 
mechanisms of diffusion [41]. Diffusion occurs when there is a 
concentration gradient of one kind of molecule within a fluid leading to a net 
movement of molecules from an area of high concentration to one of lower 
concentration [35]. This occurs as a result of probability; with more 
molecules in the higher concentration area it is more likely that a molecule 
will move randomly away from this area than towards it. Diffusive mixing 
demonstrates one of the advantages of the small-scale found in 
1 Introduction to Microfluidics 
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microfluidics. Molecular movement by diffusion can be characterised by the 
root mean square displacement as given by [35, 42]: 
〈𝑟〉2 = 𝑞𝐷𝑡      (1-2) 
where, D is the diffusion constant (also known as the diffusion coefficient), q 
is a numerical constant that depends on the number of dimensions 
considered (for 1, 2 and 3 dimensions q= 2, 4 and 6 respectively) and t is the 
time taken. If we consider the average diffusion distance in just one 
dimension, for example x, then x2=2Dt (similarly y2 and z2 are also equal to 
2Dt)[42]. This means that diffusion time is related to the distance squared 
and, therefore, the diffusion time can be drastically cut down. For example, 
by making the diffusion distance 100 times smaller, the time taken is 10,000 
times shorter.  
 
In reality, fluid flow is usually some mixture of these two types of transport 
mechanism. To understand which type is dominant the Peclét number can 
be used [43]. This number is a measure of the importance of advection in 
relation to diffusion. As the Peclet number increases so does the dominance 
of flow forces over that of molecular diffusion with regards to mixing. This 
number is, therefore, important in determining the conditions in which 
diffusion is the primary mixing method: 
𝑃𝑒 =
𝑈𝑎𝑣𝑔𝐿
𝐷
      (1-3) 
where, L is the characteristic length. If the Peclét number is less than 1, then 
diffusion dominates. Where it is above 1, then directed flow is dominant. 
 
1 Introduction to Microfluidics 
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1.5 Channel Material 
Aside from the fluid, it is also important to consider the material that the 
microfluidic channel is made from [35]. The relationship between the fluid 
and the material can be analysed by measuring the contact angle. This 
measurement can be used to find the surface energy of the material. In 1805  
Thomas Young established the relationship between the contact angle of a 
liquid drop on a solid surface and the mechanical equilibrium of the drop 
that is subjected to three measures of interfacial tensions [44]. This 
relationship is given by Young’s equation: 
𝛾𝑙𝑣𝑐𝑜𝑠𝜃 = 𝛾𝑠𝑣 − 𝛾𝑠𝑙      (1-4) 
where,  is the contact angle, sv is the solid-vapour interfacial tension, sl the 
solid-liquid tension and lv the liquid-vapour tension. The contact angle 
demonstrates the attraction of the liquid molecules to the surface. At the 
solid-liquid interface, if the liquid molecules are more attracted to the solid 
than to each other, then surface wetting occurs, meaning the contact angle is 
obtuse. This type of surface is referred to as hydrophilic and will have a 
higher surface energy. If the molecules are more attracted to each other the 
droplet will ‘bead up’ to reduce the wetting of the surface, giving an acute 
contact angle. This is a hydrophobic surface. 
2 Sphere Manipulation 
 13 
2 Sphere Manipulation 
 
In recent years the control and manipulation of solid spheres and liquid 
droplets has become a fundamental application of microfluidics. Henceforth 
the term spheres will be used to refer to solid spheres such as particles or 
cells whilst the term droplets will be used for liquid spheres. This control 
and manipulation covers areas such as cell enrichment and purification [45, 
46], droplet or bubble generation and control [47, 48] and sample 
preparation [49, 50]. Techniques to achieve this have varied widely and are 
discussed here. As this thesis deals primarily with sphere exchange and 
continuous sphere sorting, each technique will be assessed based on its 
merits for these processes. 
 
There are two categories of sphere control, namely active and passive. 
Active control involves the application of some external force, whereas, 
passive control uses the inherent microfluidic forces to control the spheres 
[51]. 
 
2.1 Active Control 
Particle separation through active control was first introduced by Giddings  
in 1966 in his paper developing the technology of field flow fractionation 
(FFF) [52]. FFF is the use of an external field applied perpendicular to the 
channel flow allowing the sorting of spheres based on some physical 
2 Sphere Manipulation 
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property of the sphere (e.g. size). Originally the external force was gravity 
but alternative forces were used later as will be detailed in this section. This 
gravity driven technique was further developed by Giddings [53] by adding 
a secondary inlet to control the sphere position prior to entering the field. 
This is called Split-Flow Lateral Transport Thin (SPLITT) separation as 
illustrated in Figure 2-1. Most microfluidic active sorters use some variation 
of FFF or SPLITT [51]. 
 
Figure 2-1: Split-Flow Lateral Transport Thin (SPLITT) separation. Channel is viewed side-
on as fluid flows from left to right. A primary inlet carries spheres into the device (sample) 
whilst a secondary inlet introduces a sphere-less carrier liquid. An external field imparts a 
greater force on one type of sphere than the other (in this case the yellow spheres) causing 
them to be diverted more and therefore exit through a different outlet to the less affected 
spheres. Image from article by Lenshof and Laurell [51]. 
2.1.1 Acoustophoresis 
Acoustophoresis in microfluidics refers to the use of acoustic fields, usually 
ultrasonic, to apply a force to either a fluid or a sphere in a device. Typically, 
the wavelength is set to twice the width of the microfluidic channel ensuring 
that a standing wave is setup. If a sphere is introduced into this acoustic 
field it is subjected to a radiation force that moves the sphere towards either 
2 Sphere Manipulation 
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a pressure node or anti-node [51, 54]. The acoustic field is usually created 
by a piezoelectric plate attached to the microfluidic device close to, or as 
part of, the microfluidic channel.  
 
Figure 2-2: Cross-section of a microfluidic device that employs acoustophoresis to deflect 
spheres. An acoustic standing wave (indicated by a dashed line) is induced in the 
microfluidic channel by a piezoceramic plate. The standing wave creates a node at the 
centre of the channel that is able to deflect passing spheres as they flow through the 
channel and past the node. The amount of deflection is volume dependent meaning sorting 
can be achieved by placing outlets such that the amount of deflection will determine which 
outlet the spheres exit through. 
A micro-sphere travelling through an acoustic field within a carrier fluid is 
subjected to primary and secondary radiation forces. Primary forces are 
further split into axial (FAx) and transverse forces (FTr). The acoustic field 
causes axial forces; they act in the direction of propagation moving the 
sphere towards, or away from, a node. Axial forces are stronger than 
transverse forces, which pack particles closer together and are a result of 
the flow of fluid [55]. 
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Figure 2-3: Radiation forces on a particle flowing through an acoustic field showing 
transverse (FTr), axial (FAx) and Bjerknes forces (FB). 
The magnitude of the primary radiation force can be expressed as: 
 
𝐹𝑟 = (
𝜋𝑝0𝑉𝑝𝛽𝑤
2
) ∅(𝛽, 𝜌)sin (𝑘𝑥)   (2-1) 
 
where the pressure amplitude, p0, is proportional to the piezoelectric supply 
voltage; Vp is the sphere volume; w is the medium compressibility; and  is 
the wavelength. The wave number, k, is equal to 2/ and x is the distance 
from a node. The contrast factor, , can be defined by: 
 
∅ =
5𝜌𝑐−2𝜌𝑤
2𝜌𝑐+𝜌𝑤
−
𝛽𝑐
𝛽𝑤
    (2-2) 
 
where c and w are the sphere and medium density respectively. c is the 
sphere compressibility [54, 56]. The contrast factor determines whether a 
sphere moves towards a node or an anti-node. A positive contrast factor 
results in the sphere moving towards a node whilst a negative contrast 
factor will lead to the sphere moving towards an anti-node. Generally solid 
particles move towards nodes whilst gas bubbles move towards anti-nodes 
[55]. 
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From equation 2-1 it is clear that the radiation force scales with the volume, 
therefore, the force scales with the cube of sphere radius. This means the 
force is highly size dependent making acoustophoresis very useful in the 
field of sphere size sorting. Due to the force also featuring a density element, 
it is possible, however, that spheres of different sizes and densities could be 
subject to the same force creating sorting errors. 
 
The secondary radiation force is a result of inter-sphere, or ‘Bjerknes’, forces 
(FB) caused by the waves that are created by the movement of other 
spheres. These forces are usually very weak and are only effective when the 
spheres are very close together. 
 
Multiple harmonics can also be achieved by adjusting the frequency of the 
acoustic wave or the geometry of the microfluidic channel. This means there 
are a multiple nodes across the width of the microfluidic channel [57]. 
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Table 2-1: Summary of size sorting devices using acoustophoresis. 
Ref. Chip Fluid Spheres Quality Notes 
[58] Silicon wafer, 3mm wide 
main channel, 70+mm 
long 
Glycerin, water 
mixture. 
1068ml/hr - 
1884ml/hr 
100m blue polystyrene, 
170m red polystyrene 
Outlet One: 99-85% of red spheres, 
0-9% of blue. 
Outlet Two: 1-15% of red, 100-91% 
of blue spheres. 
Not strictly speaking a 
microfluidic device. 
[59] Polyacrylamide & Teflon, 
3mm wide main channel 
adjustable, 70+mm long 
Cell media Lactobacilli cells (4.8x107 
per ml), Hybridomas cells 
(1.2x106 per ml) 
Ratio of hybridomas to lactobacilli 
at side outlet: 6.91.8:0.390.01 
(~95% sorting) 
From same group as ref [58] so 
very similar design. 
[60] PDMS, 100-160m wide 
and 120-150m 
Solution, 
0.1944ml/hr-
0.684ml/hr 
5m polyamide 12 
particles, red blood cells 
Maximum of 99.975% sorting 
efficiency. 
Three-stage device, flow rate 
reduced by a third at each stage. 
[61] PDMS bonded to lithium 
niobate wafer, 150m 
wide, 80m deep 
DI water, 0.036-
0.12ml/hr 
Fluorescent polystyrene 
beads, 4.17m (2.53x107 
per ml), 0.87m 
(2.76x107per ml) 
Side outlets: ~90% of smaller 
beads, ~20% of larger. 
Central outlet: ~10% of smaller, 
~80% of larger beads. 
 
[62] Silicon wafer, 52-400m 
wide channels, 200m 
deep 
Sample: 2ml/hr 
Buffer: 14 ml/hr 
3, 5 and 10 m polystyrene 
(~107 per ml) 
Average sorting efficiency: 
98%±0.4% 
 
Multi-size sorting 
[57] Silicon wafer, 400m 
wide, 50m deep 
0.012ml/hr Polystyrene spheres, 5m 
(600/1000 per l), 10m 
(70/10 per l) 
Centre outlet: 100% of 10m 
Side outlets: 86-98% of 5m 
Number of nodes changes along 
the length of the device. 
Low concentration of 10m 
spheres, quality of sorting reduces 
as concentration increases. 
[63] Silicon wafer, 370m 
wide, 125m deep. 3 
inlets, 11 outlets (5 pairs 
and a central outlet) 
Distilled water, 
Outlet flow 
~6ml/hr 
2m (~0.5% vol), 3m, 
5m, 8m and 10m (~1% 
vol) polystyrene spheres 
Out 1: 94% of 10m, out 2: 62% of 
8m, out 3: 66% of 5m, out 4: 88% 
of 2m. 3m could not be separated 
Multi-size sorting 
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Table 2-1 gives a summary of recent research in the field of acoustophoretic 
sorting by sphere size. It is clear from this that acoustophoresis is a 
promising technique however there are drawbacks. The reliance on contrast 
factor to determine sphere behaviour means that acoustophoretic sorting is 
not density independent, which may lead to potential sorting errors when 
attempting to select exclusively for size. Additionally there is potentially an 
issue that pressure fluctuations created by the acoustic field could distort 
and possibly damage cells. Another possible problem is that it has been 
found that at high voltages cells can begin to clump together leading to 
gravitational forces influencing the behaviour of the spheres [59]. The 
addition of a piezoelectric device also adds a level of complexity to the 
device.  
 
The most promising devices appear to be the device created by Adams and 
Soh [62] and Petersson et al. [63] as they demonstrate reasonably high 
sorting quality and are capable of sorting more than two sizes. All the other 
techniques can only consistently differentiate between two different 
spheres. Whilst Kapishnikov et al. [60] claim a maximum sorting efficiency 
of 99.975% it is not clear from the publication how consistently this level 
can be achieved. 
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Table 2-2: Summary of current research into using acoustophoresis to perform medium exchanges. 
Ref. Microchannel material Size Fluid Spheres Quality Notes 
[64] PDMS 250m wide, 10mm 
deep, 5mm long 
Water and sodium 
fluorescein, Flows 
vertically upwards at 
612ml/hr 
Yeast cells (~2.5m), 
1.53x107 per ml 
~91% fluid exchange (9% 
contamination) w/out 
spheres. Drops to ~72% 
when cells introduced. 
~70% of cells are 
transferred. 
Increasing flow rate 
improves fluid 
exchange but cell 
exchange is worse. 
[65] Silicon 350m wide, 125m 
deep, 30mm long 
Distilled water, up to 
16.2ml/hr, 
Blood plasma. 
5m polyamide 
spheres (1.5%vol), 
bovine blood cells 
Medium exchange: 80-65%, 
up to ~95% if buffer zone 
introduced. 
95% sphere transfer, 98% 
cell transfer 
Medium exchange 
quality effected by 
the applied voltage 
[66] Silicon 375m wide, 150m 
deep. Side channels are 
150m square. 60mm 
long 
Doppler fluid in milli Q 
water, washing buffer 
3-7.2ml/hr for main 
channel. Side channels 
flow at 25-40% of the 
main channel. 
Polyamide 5m 
(2%vol), red blood 
cells (0.2%vol) 
Medium exchange: 96% 
w/out spheres.  
Sphere transfer: 94% with 
medium exchange of 19% 
Increasing flow rate 
of washing buffer 
through side flows 
improves the 
medium exchange 
but fewer spheres 
are transferred. 
[67] Silicon 375m wide, 150m 
deep. Side channels are 
150m square. 60mm 
long 
3ml/hr (sample fluid), 
6ml/hr (wash fluid 1), 
12ml/hr (wash fluid 2) 
Polystyrene 5m 
(6x106 per ml) 
Medium exchange: 99.995% 
(sphere con. 0.01%w)-95% 
(2%w). 
~75% sphere transfer 
Development of [66]. 
Throughput of 
~5x105 spheres per 
second. 
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Table 2-2 provides a brief summary of recent research in the field of 
acoustophoretic medium exchange. It is clear that in every medium 
exchanger there is a balance to be struck between the amount of 
contamination and the number of spheres transferred. Improving the 
medium exchange has a cost; either in the percentage of spheres 
transferred, as in the cases where exchange is improved by increasing flow 
rate [64, 66], or in the initial sphere concentration [65, 67]. It is also clear, 
however, that using acoustophoresis for medium exchange is a promising 
area. 
 
Acoustophoresis is, in theory, a very encouraging technique for sphere 
manipulation offering high levels of control and throughput. The problem 
with it is that the need to apply an external force makes manufacture more 
costly and complex, requiring connections to external equipment to supply a 
voltage. Also, expensive high precision silicon wafer manufacture is often 
required.  
2.1.2 Dielectrophoresis (DEP) 
Particles in a non-uniform electric field may be subjected to a 
dielectrophoretic force. This force occurs due to a reaction with a particle 
dipole. There are two types of dipole, namely a permanent dipole, caused by 
the orientation of the atoms, or an induced dipole, created by a reorientation 
of charges on to a particle surface. The strength of the force is dependent on 
a number of characteristics. Among them are the electrical properties of 
both the carrier medium and the sphere and also the shape and size of the 
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sphere [51, 68]. The electric field created for DEP can be applied using either 
DC or AC current. The required non-uniformity of the field is created 
through the use of electrodes of various shapes and size or by putting 
insulating obstacles into the microfluidic channels. 
 
Dielectrophoresis is one of the most popular methods of sphere 
manipulation for a number of reasons, amongst them are: 
 It can sort spheres or cells without the need of labels 
 It has favourable scaling effects 
 It is capable of inducing both positive and negative forces. 
The favourable scaling effects can be demonstrated by examining the 
following equation for dielectrophoretic force, FDEP, acting on a homogenous 
isotropic sphere[69]: 
 
𝐹𝐷𝐸𝑃 = 2𝜋𝑓𝐶𝑀𝑟
3∇(𝐸 ∙ 𝐸) = 2𝜋𝜀𝑚𝑅𝑒[𝑓𝐶𝑀]𝑟
3∇|E|2   (2-3) 
 
where m is the medium permittivity, r is the sphere radius and E is the 
electric field strength. Re[fCM] is the real part of the Clausius-Mossotti factor, 
which is a measure of the difference in polarisation between the sphere and 
the carrier medium [70]. The Clausius-Mossotti factor is given by the 
equation [69, 71]: 
𝑓𝐶𝑀 =
𝜀𝑝
∗−𝜀𝑚
∗
𝜀𝑝∗+2𝜀𝑚
∗    (2-4) 
where p* is the complex particle permittivity and m* is the complex medium 
permittivity. When dealing with AC DEP, complex permittivity must be used 
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as the permittivity varies with frequency.  From equation (2-3) it is possible 
to derive the following approximate equation [46]: 
𝐹𝐷𝐸𝑃 ≈
𝑉2
𝑥3
     (2-5) 
where V is the applied voltage and x is the distance from the DEP electrode. 
This means that reducing the scale by 100 times will reduce the required 
voltage by 1000 to achieve the same force, making DEP a much more 
attractive technique on the micro-scale. It should also be noted that DEP can 
be used for size-based sorting as a result of the r3 parameter in equation 2-3. 
This means that the force is greater on larger particles. The magnitude of 
this force is vital as FDEP must dominate over the other forces in the 
microchannel (e.g. the drag force induced by the flow of fluid) for 
dielectrophoresis to work. The direction of FDEP is dependent of the value of 
fCM; above 0 the sphere will be attracted to electric field maxima. Below 0 
spheres are attracted to the minimum. 
 
These principles of DEP can be applied to field flow fractionation (FFF) 
devices by using the combination of sphere buoyancy (or gravitational force 
downwards) and FDEP to position spheres at differenrent equilibrium 
positions as they flow past DEP electrodes. These equilibrium positions 
cause the spheres to exit at different rates due to the parabolic flow profile 
within a microfluidic channel. Alternatively the dielectric force can be used 
to deflect spheres by differing degrees depending on their size as they pass 
the electrodes before being collected at well placed outlets [69]. 
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Table 2-3: A selection of recent DEP based sphere-sorting research. 
Ref. Chip DEP Type Fluid Spheres Quality Notes 
[72] Channels made with SU-8, 
1mm wide x 25m deep 
AC Flow rate: 
0.24 or 
0.36ml/hr 
Lipisode vesicles, 
100nm-4.7m 
At 0.24ml/hr sorted 2.1-4.6m to 
outlet 1, 0.7-1.8m to outlet 2. 
At 0.36ml/hr sorted 2.3-4.7m (out 
1) and 1.5-2.7m (out 2) 
Cannot sort any spheres below 
700nm. At 0.36ml/hr there is 
some crossover between the size 
ranges. 
[73] PDMS channels, 515m x 
40m. Oil droplet used to 
restrict channel width 
DC DI water 1, 5.7 and 15.7m 
carboxylate-modified 
fluorescent polystyrene 
particles 
Shifted spheres along y-axis. Prior 
to DEP: 15.7m y=13m, 5.7m 
y=3m. 
Post DEP: 15.7m y=338m, 5.7m 
y=98m 
A larger oil droplet gives better 
separation. 
[74] PDMS, 300m x 90m 
channels 
DC Water and 
Sodium 
carbonate 
5.7, 10.35 and 15.7m 
carboxylate-modified 
fluorescent polystyrene 
particles 
~105 per ml 
Two sizes can be separated from 
each other at any one time 
The sizes that are sorted can be 
chosen by varying the voltage 
[75] PDMS, Channels width 
varies 50-100m, 25m 
depth 
DC Phosphate 
buffer 
3, 5 and 10m 
polystyrene spheres, 
~107 per ml 
100% separation of 5 and 10m at 
600V DC. 
3 and 5m could also be 
separated but not 100% even at 
1500V DC. Enough to damage 
cells. 
[76] PDMS mixed with silver, 
Main channel 200m x 
40m. Side channels 50-
115m wide 
AC NaHCO3 
buffer, 0-
3l/hr 
5, 10 and 15m latex 
polystyrene spheres, 106-
107 per ml 
5 and 10m, 87.7% of 5m at 
outlet C, 100% of 10m spheres at 
outlet D (55V AC). 10 and 15m 
sorted 100% (50V) 
Only two sizes at once. 
[77] Dry film resist, 500m x 
40m 
AC Flow rate: 
~36l/hr 
500nm, 1m and 2m 
fluorescent carboxylate-
modified latex spheres 
Separates two sizes at 99.9% 
efficiency 
 
[78] PDMS, channel 300m 
wide narrowing to 40-
60m, 40m deep 
DC NaCl diluted 
in DI water 
10 and 15m 
polystyrene spheres 
~95% separation efficiency  
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A review of the research shown in Table 2-3 highlights many of the 
advantages of DEP but also some of the problems. It is clear that highly 
efficient sorting can be achieved, however, the throughput of the devices 
appears to be relatively low. The potential issue of Joule heating caused by 
the voltage through the electrodes is highlighted through the work by Zhu et 
al. where 1500V DC is required to sort 5m spheres from 10m spheres. 
This voltage is sufficient to heat the surrounding carrier solution to the 
point where it would be harmful to any cells that were sorted using such a 
device [75]. These papers also highlight the issue that fabricating the 
electrodes into the device often seems to be a complex, time-consuming, and 
somewhat expensive process. It is also clear that spheres often require 
functionalisation in order for dielectrophoresis to be effective, often with 
carboxylate. 
There appears to be little research into medium or phase exchange using 
DEP although Tornay et al. have undertaken work in this field [50, 79]. In 
spite of the capability of this exchanger to achieve high quality exchange it 
also has limitations in terms of throughput with 90% of 1m spheres being 
exchanged with a just a 7.2l/hr flow rate. There is a balance to be struck 
between contamination level and sphere exchange. Faster flow rates lower 
the contamination between phases but also reduce the number of spheres 
that are exchanged. Seger et al. developed a technique in 2004 that ‘dipped’ 
spheres into another medium by transferring them into a second medium 
and then transferring them back afterwards. This technique also has a low 
throughput with a the flow-rate similar to that employed by Tornay et al. 
(approximately 10.8l/hr) [80]. 
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2.1.3 Magnetophoresis 
Much like DEP, magnetophoresis exploits the properties of the spheres to 
cause a deviation in their path allowing for sphere manipulation. To achieve 
this on a microfluidic chip a magnetic field is applied perpendicular to the 
flow of fluid creating a magnetic field gradient across the channel [81, 82]. 
This magnetic field can be created using either permanent magnets or 
electromagnets [82, 83]. The degree of deflection of the sphere (Udefl), given 
as a velocity (m/s), can be determined using the following equation [82]: 
𝑈𝑑𝑒𝑓𝑙 = 𝑈𝑚𝑎𝑔 + 𝑈ℎ𝑦𝑑    (2-6) 
Where Umag is magnetic deflection and Uhyd is the deflection due to 
hydrodynamic flow. The magnetic deflection being the ratio of magnetic 
force and viscous drag force as given by following equation: 
  𝑈𝑚𝑎𝑔 =
𝐹𝑚𝑎𝑔
𝐹𝑑𝑟𝑎𝑔
=
𝐹𝑚𝑎𝑔
6𝜋𝜇𝑟
    (2-7) 
with µ representing the fluid viscosity and r the sphere radius. The magnetic 
force in this equation is given by [84]: 
  𝐹𝑚𝑎𝑔 =
∆χ𝑉𝑝
𝜇
(∇𝐵 ∙ 𝐵)    (2-8) 
where, Vp is the volume of the sphere,  represents the difference in 
magnetic susceptibility between the carrier fluid and the sphere, and B is the 
magnetic flux density. It can be seen that both equation 2-7 and 2-8 have a 
sphere radius component (with the sphere volume representing r3). 
Therefore, it is clear that the magnitude of deflection is proportional to r2 
and also the magnetic susceptibility, χp, of the sphere (assuming the carrier 
liquid remains constant) as shown in equation 2-9. 
 𝑈𝑚𝑎𝑔 ∝ 𝑟
2χ𝑝     (2-9) 
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There has not been a great deal of work done in the field of sphere sorting 
with magnetophoresis, even though this technique is not subject to one of 
the main problems with DEP, that being Joule heating. In fact there is 
generally no heat generation caused by magnetophoresis. Aside from this 
advantage there are many disadvantages to be considered. Firstly, most cells 
or spheres require labelling, usually with a superparamagnetic material 
such as iron oxide [85-89], in order for the magnetic field to have an effect. 
Superparamagnetic labels are typically used, rather than ferromagnetic  
labels, as they become magnetised only in the presence of a magnetic field 
making homogenous suspensions more easily obtainable [90]. Another 
disadvantage is that what work there has been has typically achieved 
relatively poor sorting efficiencies, in the range of only 70-80% [82, 83]. 
This has been slightly improved by passing the solution through the device 
multiple times, achieving an efficiency of ~95% [86]. Another problem is 
that throughput is generally very low, in the 10s or 100s of spheres sorted 
per minute [82, 83]. Magnetic hysteresis can also be troublesome as it can 
lead to spheres clumping together after they have exited the applied 
magnetic field [51]. For these reasons magnetophoresis has not yet emerged 
as a truly viable sphere manipulation technique. 
2.1.4 Optical Methods 
In 1970 Ashkin established that light beams could be used to manipulate 
microspheres [91]. A light beam with a Gaussian profile will have a very 
strong electric field gradient in the narrowest part of a focused beam. A 
dielectric particle entering this beam will experience a force towards the 
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centre of the beam where there is an equilibrium position that can trap a 
sphere. This was further developed by Ashkin et al to show a single tightly 
focused laser beam can trap a particle allowing it to be moved in three 
dimensions [92]. This was the foundation of what is known as ‘optical 
tweezers,’ which have historically been the primary micro-object 
manipulation tool in the scientific community [93]. Its use in continuous 
microfluidic sorting, however, is a relatively new development with work 
only emerging in the last decade [94-103]. Most of the continuous optical 
sorting techniques use active sorting which involves a decision making step, 
commonly using a camera to make a decision based on some properties of 
the sphere such as its size or fluorescence intensity [95, 96, 101]. Passive 
optical sphere sorting is the alternative technique. This relies on a difference 
in the magnitude of the force on a sphere due to some properties of said 
sphere (e.g. size, material etc.) [97, 99, 100]. Both techniques have been 
shown to be capable of relatively high resolution sorting in comparison to 
other sorting techniques, differentiating spheres that are less than 500nm 
different in diameter. Despite this high resolution this technique is not 
particularly well suited to microfluidic chip sorting as the equipment 
necessary to perform optical sorting is both complex and bulky. It is also 
relatively expensive to implement [93]. Additionally, much like with 
dielectrophoresis, there is the potential for cell damage as the laser beam 
will raise the temperature. In order to negate this problem the power has to 
be limited thus lowering the potential force that can be applied to a cell and 
potentially also lowering the quality of the sorting. Although there has been 
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no reported work on an optical microfluidic medium exchanger the sorting 
techniques could be easily adapted to behave as such. 
2.1.5 Gravitational 
The main limitation of gravitational separation is summed up by Kumar et 
al.  in that “processing rates are limited by the response of particles to 
gravity that, owing to their small size, is often very slow”[59]. This can be 
shown by the following equation that expresses the sedimentation velocity, 
Used [104, 105]: 
    (2-10) 
where r is the radius of the sphere, g is the acceleration due to gravity,  is 
the difference in density between sphere and carrier liquid and  is the 
viscosity of the carrier liquid. The r2 term ensures that as the sedimentation 
speed drops drastically with the size of the sphere. As such, there is little 
microfluidic work that relies on gravity to separate particles. What work 
there is, tends to involve small (~1-2m) particles being unaffected whilst 
larger particles (20+m) sink to a lower outlet. The quality of separation 
tends to be poor at this lower outlet, with a great deal of crossover between 
target and non-target particles [106, 107]. Other work has reported a 
separation yield of ~73% [104]. This slow response and reasonably poor 
quality exchange makes gravitational sorting an unappealing technique. 
Additionally, there is a limitation in that only spheres denser than the 
carrier liquid will settle to the bottom of the channel. 
It should be noted that gravity based separation is more common outside of 
the microfluidic environment where the principal of sedimentation can be 

Used 
2r2g
9
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used to separate larger numbers of spheres based on size, shape and density 
within large vessels [105]. Gravitational sedimentation techniques have 
little worth for spheres below approximately 5µm due to the long settling 
times plus the greater impact of convection diffusion and Brownian motion 
causes problems with sedimentation. This is often overcome by using a 
centrifuge to speed up the settling process [108]. The centrifugal force is 
greater on larger spheres hence they travel through a centrifuged medium 
at a faster velocity allowing for separation into distinct size bands. This 
separation can be poor if the spheres sizes are similar meaning density 
gradient separation is often used. This is achieved by carefully layering 
different concentration liquids on top of one another to ensure the density 
increases from the top to the bottom layer. These density layers make the 
size bands more distinct [109]. 
2.2 Passive Control 
Passive control does not rely on any external force, instead it works purely 
on microfluidic forces created by the interaction of the fluid and the 
geometry of the chip [51]. 
2.2.1 Obstacle Induced Separation 
Obstacle induced separation uses obstacles within a microchannel such as 
pinches, weirs and posts [51]. One common technique is deterministic 
lateral displacement (DLD), which uses an array of micropillars to sort 
particles of differing sizes [110-117]. Fluid flows through the micropillar 
array in a laminar fashion passing through many rows of pillars with each 
row shifted laterally from the one preceding it. This laminar flow creates 
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‘zig-zag’ streamlines through the array that spheres will follow if they are 
smaller than a critical diameter. If, however, the spheres are larger than this 
critical diameter they will not fit into the streamlines and will be displaced 
laterally into an adjacent streamline. The critical diameter is defined by the 
centre of the sphere and its position relative to streamlines passing the 
micropillars. The centre of smaller spheres can get closer to the pillars and 
therefore can follow alternative flow routes through the pillars than large 
spheres. By varying the shift of micropillars it is possible to sort different 
sizes.  
 
Figure 2-4: Deterministic Lateral Displacement. The positioning of the pillars determines 
the path of different sized spheres. The position of the centre of the sphere relative to the 
streamlines passing through the micropillar structure determines the route the spheres 
take. Smaller spheres can get closer to the pillars and therefore be carried by different 
streamline routes than the larger spheres [115]. 
The key parameters determining the path of the spheres through a 
micropillar array are [112]: 
 The lateral shift between adjacent rows 
 The distance between adjacent rows 
 The size of the gap between micropillars. 
 The diameter of the sphere. 
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Separation of particles has been demonstrated over a wide range of sizes 
with Lubbersen et al. separating particles as large as 309-532m [111] and 
Huang et al.  separating particles as small as 0.8m [117]. This paper also 
demonstrates a high sorting resolution as three polystyrene particle sizes 
that differ by just 0.1m are separated (0.8m, 0.9m and 1m). A way of 
increasing throughput has also been demonstrated by employing 
parallelisation [114] which is a fairly common technique for improving 
volume throughput in microfluidics [5]. 
Brownian ratchets can also be used for obstacle induced separation. 
Brownian ratchets are similar to DLD but with asymmetric posts in a 
symmetric array. Brownian motion is a result of sphere surface being 
bombarded by the molecules of the liquid in which they are suspended. Each 
of these collisions impart a small force on the sphere. If the sphere is large 
then enough collisions will happen in all directions to ensure that the net 
effect of these impacts is zero. As the spheres get smaller, however, the net 
impact of these impacts is less likely to sum to zero meaning there is an 
increased chance of movement being induced in the sphere [69]. This 
Brownian motion can cause some problems in that it can, to some degree, 
prevent the spheres from following the flow and therefore cause errors in 
the measurement of flow velocity and also uncertainty in the sphere location 
within a flow profile. Brownian motion can be exploited though by using 
Brownian ratchets [118]. Using the previously mentioned asymmetric posts 
Brownian diffusion can be selectively blocked in one direction causing 
particles to drift laterally [111, 119-121]. As Brownian diffusion has a 
greater impact on smaller spheres they will drift farther across the post 
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array than larger spheres allowing them to be separated based on their size 
[118]. 
Slanted obstacles along the top and bottom of microchannels can be used to 
focus particles to one side of a microchannel due to pressure fields induced 
by the microstructures [122]. These slanted obstacles reach all the way 
across the channels leaving a gap, either above or below, which allows the 
obstacles to deflect but not block the particles. Filtration objects have a gap 
above them that is large enough for smaller particles to pass through but 
small enough that it blocks the large particles. Unlike the slanted obstacles, 
filtration objects do not reach all the way across. There is a gap down one 
side of the channel (the opposite side to the focal position created by the 
slanted obstacles) that allows the larger spheres past. Thus, two particle 
sizes can be separated into different streamlines. This technique has been 
demonstrated with polystyrene spheres ranging from 8-12m, with 
complete separation of 9m spheres from 12m spheres [123]. This 
technique is called hydrophoretic filtration. 
 
Figure 2-5: Hydrophoretic filtration of 11m and 12m spheres. Top-down view of flow 
through a hydrophoretic filtration channel showing spheres travelling past filtration 
obstacles. These filtration obstacles are not as tall as the channel is deep leaving a narrow 
space above them. Smaller spheres are able to pass over the slanted obstacles (top image) 
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whilst larger ones must go round them (bottom image). Image reprinted from the Lab-on-a-
Chip journal [123]. 
Microfluidic sieves or filters are also a type of obstacle induced separation 
although they are not very common [124-126]. This is partly due to their 
propensity to become clogged; this is a common problem with many 
obstacle induced separation techniques particularly as particle density 
increases [51, 123]. Another problem with obstacle induced separation 
devices is that they are not very adaptable as tuning them to separate new 
particles sizes often requires a complete rebuild with different channel 
geometries. Some devices have attempted to overcome this, either by 
making the chip elastic, meaning the chip can be stretched to separate 
different sphere sizes [127] or by adding an element of active control by 
introducing an applied field across the device [120]. 
2.2.2 Hydrodynamic Filtration 
Hydrodynamic filtration employs side channels to remove the carrier fluid 
and also selectively remove particles. The flow rate and channel width 
determine whether a sphere will travel down these side channels or 
continue onwards. However, unlike in a traditional filter, the spheres are all 
small enough to fit down these side channels. The filtration works due to the 
Zweifach-Fung effect, a.k.a the bifurcation law, first described in the late 
1960s and early 1970s [128, 129].  
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Figure 2-6: Illustraion of the Zweifach-Fung effect on a red blood cell in a capillary. The 
faster flow through the right hand channel causes a shear force acting on the spheres 
towards the channel with the faster flow. Image from publication by Fung [128]. 
This effect, shown in Figure 2-6, describes the behaviour of a sphere at a 
bifurcation that will preferentially travel into the daughter channel with the 
higher flow rate due to the higher pressure gradient caused by this faster 
flow [130]. The critical flow ratio of these daughter channels has been found 
to be ~2.5:1 when the sphere diameter is similar to the channel width [131].  
 
This principle can be adapted for use in either a size sorter or in a medium 
exchanger by adjusting the flow rates and channel geometries. If the flow 
rate down the side channels is low then particles larger than a specific value 
will never go down the side channels as the centre position of the sphere 
cannot get within a certain distance of the side walls. This is because flow 
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forces on the sphere are not great enough to overcome the wall interaction 
force, thus this distance, approximately equal to the particle radius, is never 
overcome. The faster the flow rate through these side channels, then the 
larger the flow forces, and therefore, the larger the particles that will go 
down the channels [132]. This is illustrated in Figure 2-7. 
 
Figure 2-7: Relation between particle behaviour and relative flow rate distributed into a 
side channel at a branch point. The relative flow rate into the side channel is (a) small, (b) 
medium, and (c) large, i.e., a < a< a. The virtual region of the flow distributed into the side 
channel is dark-coloured. Image from reference [133]. 
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By keeping the flow rate low enough it is possible to perform a medium 
exchange by removing the medium without any of the spheres going down 
the side channels as was demonstrated by Yamada et al. [134] where 9.9m 
polystyrene microspheres were exchanged twice by passing channels that 
were 20-35m wide. This exchanger is shown in Figure 2-8. The inlet one 
and two flow rates were both held at 1.8ml/hr. With the inlet three flow rate 
below 0.6ml/hr it was possible to recover 99% of the particles, however, 
once this flow rate exceeded 0.84ml/hr, this dropped to almost 0%. In a 
further experiment using cells, the throughput was demonstrated to be 
1000 cells/s. 
 
Figure 2-8: Hydrodynamic medium exchange as demonstrated by Yamada et al. Two 
exchanges occur in this device [134]. 
Size based sorting has also been demonstrated [132, 133, 135] with the best 
results also achieved by Yamada et al. who demonstrated the ability to sort 
particles of 1m, 2.1m and 3m into three separate outlets (~90% of the 
3m particles through outlet 3, ~67% of the 2.1m particles through outlet 
4 and ~69% of 1m particles through outlet 5) [133]. 
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Hydrodynamic filtration appears to be a promising technique as is it has 
been demonstrated to have the capability of sorting multiple different sizes 
at a relatively low resolution, showing sorting, for example, of three sizes 
with a range of only 2m. It has also been shown to be an effective tool for 
medium exchange. 
2.2.3 Pinched Flow Fractionation (PFF) 
Pinched flow fractionation is a technique first developed by Yamada et al. 
[136]. The technique employs two inlet channels that meet at a narrow 
channel known as the ‘pinched’ region. The flow through one inlet contains a 
particle suspension whilst the other inlet contains a suspension-less buffer 
flow. By ensuring the buffer flow is faster than the suspension flow, it is 
possible to align the particles, regardless of size, to one sidewall. A 
broadened region where the channel is much wider follows this pinched 
region. The alignment creates a difference in the particle centre position that 
is then amplified when the particles enter the expansion region meaning 
smaller particles are closer to the side walls and larger particles closer to the 
centre [137]. 
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Figure 2-9: Principle of pinched flow fractionation. (a) In the pinched segment, particles 
are aligned to one sidewall regardless of their sizes by controlling the flow rates from two 
inlets; (b) particles are separated according to their sizes by the spreading flow profile at 
the boundary of the pinched and the broadened segments. The liquid containing particles is 
dark-coloured. Image from reference [136]. 
The initial work by Yamada et al. demonstrated the separation of 15m and 
30m polystyrene spheres. They also demonstrated that there are three 
main factors that influence the extent of separation. The ratio of the two 
inlet flow rates must be sufficient to align the particles as the better the 
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alignment, the better the separation. Additionally, it was found that a 
narrower pinched region lead to better separation, and that the angle 
between the two regions had an impact, with a larger angle offering better 
separation [136]. 
Various adaptations have been made to this technique to improve the 
quality of separation. The first adaptation demonstrated was asymmetric 
PFF (APFF) that employed branched asymmetric channels to collect the 
particle streams. One of these channels was shorter and/or broader than the 
others. This channel acted as a drain channel as the bulk of the liquid flowed 
into it. This drain channel reduced the flow resistance leading to improved 
separation [138]. APFF was further adapted, with the addition of a curved 
channel [139] or by adding valves to the outlets allowing control of the 
outlet flow rates, and therefore, the flow resistance and separation [140]. 
Another technique used to adapt PFF was to introduce an additional force 
such as an electro-osmotic force [141] or an optical force [142]. The addition 
of a ‘snakelike’ structure in the broadening segment has also been 
demonstrated to enhance PFF [143].  
 
As can be seen from Table 2-4, pinched flow fractionation is an effective 
technique for particle separation, demonstrating the high quality separation 
of multiple particle sizes with reasonably high resolution. The main 
drawback of this technique is that the throughput is generally quite low with 
the flow rate typically in the range of l/hr [139-141]. Parallelisation could 
possibly be used to improve this throughput but it would always be 
fundamentally lower than other techniques if they were also parallelised. 
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Additionally, the width of the broadened region means that the device 
footprint is larger than many other microfluidic techniques therefore 
reducing the potential for parallelisation. 
 
Table 2-4: Summary of published pinched flow fractionation results. 
Ref Type Separation quality 
[136] Pinched Flow 
Fractionation (PFF) 
Outlet 1: 99%  of 15m, 8.4% of 30m 
Outlet 2: 1% of 15m, 91.6% of 30m 
[138] Asymmetric Pinched 
Flow Fractionation 
(APFF) 
Outlet 1: 99% 1m, 23.6% 2.1m 
Outlet 2: 1% 1m, 76.4% 2.1m, 49.5% 3m 
Outlet 3: 50.5% 3m 
Outlet 4: 85.7% 5m 
Outlet 5: 14.3% 5m 
[139] Curved channel APFF Separation of 10m and 25m spheres 
measured at reference line. ~201m apart. 
[140] Tunable APFF Flow through outlet 1 reduced. 
Outlet 1: 100% 1m 
Outlet 2: 98.5% 2.1m 
Flow through outlets 1 and 2 reduced 
Outlet 1: 100% 1m, 1.1% 2.1m 
Outlet 2: 97.3% 2.1m, 0.6% 3m 
Outlet 3: 1.6% 2.1m, 99.4% 3m 
[141] Electroosmotic PFF 1m and 2.1m separation 
Outlet 1: 96.8% 1m, 6.6% 2.1m 
Outlet 2: 3.2% 1m, 93.4% 2.1m 
0.5m and 0.86m separation 
Outlet 1: 91.3% 0.5m 
Outlet 2: 91.5% 0.86m 
1m, 2.1m and 3m separation 
Outlet 1: 91.3% 1m, 2.4% 2.1m 
Outlet 2: 8.7% 1m, 88.2% 2.1m, 12.3% 3m 
Outlet 3: 9.4% 2.1m, 87.7% 3m 
[143] Enhanced PFF Separation of 7 particle sizes (0.25m-2.5m). 
Clear separation of 0.5m and 1.5m particles 
demonstrated. 
[144] PFF Separation of particles with particle radius 
between 0-0.97m in 16 outlet channels. 
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Figure 2-10: Probability density of particle radius at each outlet of a pinched flow 
fractionation device. Each colour denotes a different outlet. Shows many different sizes 
have been distributed although there is significant overlap between the particle sizes in 
adjacent channels. Image from reference [144]. 
Although this technique has never been investigated to determine its 
suitability as a medium exchanger it appears that this technique could be 
easily adapted to be used as a medium exchanger by ensuring the centre line 
of the particle to be exchanged is forced into the secondary phase at the 
pinched region. 
2.2.4 Inertial Focusing 
The parabolic nature of Poiseuille flow in an enclosed microfluidic channel 
causes a differential in fluid velocity from one side of the sphere to the other. 
Relative to the sphere, fluid flows over the surface of the sphere faster on 
the side of the sphere that is closest to the wall, this is illustrated in Figure 
2-11. The velocity gradient causes a pressure gradient across the sphere 
meaning the pressure is lower on the side of the sphere closest to the wall 
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leading to a migration of the sphere away from the centre and towards the 
channel wall [145]. This is known as the inertial lift force.  
 
Figure 2-11: Illustration of the mechanism of inertial lift in a microfluidic channel (half of 
the channel width is shown here) showing a sphere in flow at time=t, and then at time 
=t+Δt. Flow through a channel induces a parabolic flow as indicated here by a series of 
arrows. Arrow length relates to speed of flow. The grey circle is a neutrally buoyant sphere 
being carried by the fluid flow. The orange spheres highlight a point in space on either side 
of the sphere (left) with a dashed line to indicate the centre of the sphere. As the sphere is 
carried along the channel (right) the points beside the sphere move at different velocities 
relative to the sphere. The difference in velocity is greater on the side closer to the wall and 
therefore the pressure is lower on the side closer to the wall, which induces a lift force 
causing lateral movement of the sphere towards the wall. 
As the sphere approaches the channel wall it is subject to an extra drag force 
created by the wall causing the sphere to lag behind the fluid causing the 
relative flow velocity to be slower on the wall side of the sphere and thus 
cause a pressure gradient that pushes the sphere away from the wall. This 
pressure gradient is further enhanced by the dissymmetry of the sphere’s 
wake vortices caused by the presence of a channel wall [145, 146]. This 
force away from the channel wall is known as the wall effect induced force. 
These two opposing forces create an equilibrium position where particles 
can be focused. 
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Figure 2-12: Illustration of the two forces that influence a sphere that is carried by a fluid 
in a straight microfluidic channel. The red arrows represent the wall induced forces. The 
blue arrows are the inertial lift force. The size of the arrows indicates the magnitude of the 
force. It can be seen that farther down the channel the spheres are in their equilibrium 
positions [146]. 
The inertial lift force dominates when the particle Reynolds number, Rep, is 
greater than or equal to one [147]. The particle Reynolds number 
characterises the flow around a sphere suspended in a flowing fluid. It is 
given by [148]: 
𝑅𝑒𝑝 =
𝑈𝑚𝑎
2𝜌
𝐷ℎ𝜇
    (2-11) 
where Um is the maximum flow velocity, a is the particle diameter,  is the 
fluid density and Dh is the channel hydraulic diameter. The scale of the lift 
force on a sphere is given by the following equation [147]: 
𝐹𝑧 =
𝜌𝑈𝑚
2𝑎4
𝐷ℎ
2 𝑓𝑐(𝑅𝑒𝑐, 𝑤) =
𝜇2
𝜌
𝑅𝑒𝑝
2𝑓𝑐(𝑅𝑒𝑐, 𝑤) (2-12) 
where c is the lift coefficient which varies with the channel Reynolds 
number, Rec, and the position of the sphere across the channel width (w). 
The lift coefficient is 0 at the channel centreline and increases in magnitude 
as the distance towards the wall decreases until it reaches a maximum 
before dropping to zero again at the equilibrium position (~0.2 w from the 
wall). Further movement towards the channel walls leads to a negative lift 
coefficient to indicate that the force now acts towards the channel centre 
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rather than away from it [149]. Equation 2-12 can be adapted, so that it is 
possible to determine the speed at which the sphere will migrate laterally 
across the channel, Up: 
𝑈𝑝 =
𝜌𝑈𝑚
2𝑎3
3𝜋𝜇𝐷ℎ
2 𝑓𝑐(𝑅𝑐, 𝑤)   (2-13) 
From this equation, it is clear that migration velocity is highly dependent on 
the particle diameter meaning that, by designing channels with appropriate 
geometries and outlet positions, it should be possible to use inertial lift 
forces to separate spheres based on their size. 
 
In square microchannels the spheres equilibrate to all four channel walls. 
This is problematic as collecting the focused particles from all four sides 
creates manufacturing difficulties. Hence many techniques have been 
considered to reduce the number of equilibrium positions. One possible 
technique is to employ curved microchannels to introduce an additional 
force known as the Dean force [147]. As fluid flows round a curved 
microfluidic channel, a secondary rotational flow is created by the fluids 
inertia out towards the outer wall. This creates two vortices known as Dean 
vortices, one above the other, across the width of the channel [150]. 
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Figure 2-13: Two-dimensional vector fields in a curved square microchannel 
demonstrating Dean vortices. The inner wall of the curve is on the left hand side. Image 
from reference [150]. 
These vortices provide an additional Dean drag force that can reduce the 
number of equilibrium positions to one. This is possible as the Dean drag 
force only counters the inertial lift force at the inner wall, at all other 
positions it breaks the equilibrium previously created by the inertial lift 
force. There are three possible cases to consider: 
 Inertial lift force ≈ Dean drag force 
o Concentration of spheres to one equilibrium position 
 Inertial lift force >> Dean drag force 
o Inertial focusing only 
 Dean drag force >> Inertial lift force 
o No sphere focusing occurs. 
These cases relate to a number of parameters, such as flow rate and the 
radius of the curve. The channel dimensions are one of the major controlling 
parameters and must fulfil the following criteria for focusing to occur in 
curved channel: 
𝑎
𝐷ℎ
≥ 0.07. Below 0.07 the inertial lift force is not of a 
sufficient magnitude to focus the particles. If this value is greater than 0.5 
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there is a chance particle obstruction may occur due to the size of the sphere 
relative to the channel. Another limit is found with the Dean number, a 
dimensionless number that characterises the Dean vortices [151]. If the 
Dean number, De, exceeds 20 the magnitude of Dean drag becomes too great 
and there will be no equilibrium positions [147, 152]. 
Di Carlo et al. used meandering curved microchannels to investigate this 
principal. Using a symmetric curving geometry they demonstrated a 
reduction to two equilibrium positions along the side walls. This was further 
reduced to one equilibrium position by employing asymmetric curved 
channels [147]. 
 
Figure 2-14: Meandering channels used for sphere focusing. A) Symmetric channels - Two 
equilibrium positions. B) Asymmetric Channels - One equilibrium position. Arrows indicate 
flow direction [147]. 
The use of Dean flow to sort spheres has been further expanded upon 
through the use of a longer curved channel in the form of a spiral. This 
technique has been shown to be capable of sorting multiple sphere sizes at 
once [153-158]. It has been demonstrated that spiral microchannels will 
focus different sized particles into distinct equilibrium positions. This is a 
result of the inertial lift force scaling with a4 whilst the Dean drag force 
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scales with just a thus larger spheres will equilibrate closer to the inner wall 
than smaller spheres. 
 
Figure 2-15: A) Illustrations of the principal of sorting using Dean forces in a spiral. Larger 
spheres are focused closer to the inner wall allowing different sized spheres to be collected 
from well-placed outlets. B) Channel cross section. Larger sphere equilibrate to inner wall 
due to the ratios of inertial lift and Dean drag force for the different sphere sizes i.e. [FL/FD 
]A > [FL/FD ]B > [FL/FD ]C. Image from reference [156]. 
Another technique that can be used to reduce the number of equilibrium 
positions is to increase the aspect ratio of the channels, i.e. make the height 
divided by the width of the channel greater than one. This causes the shear 
rate created by the parabolic flow to be greater across the narrower channel 
dimension therefore spheres will equilibrate more readily along the side 
walls than at the top or bottom wall [159]. This has been demonstrated with 
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straight high aspect ratio channels and via a series of narrowing and 
widening channels that work in a similar fashion to straight microchannels, 
with the advantage of reducing the pressure needed to drive the fluids 
through the device [146]. 
Whilst the majority of sorting devices use Newtonian fluids it has been 
demonstrated that inertial focusing can be achieved using non-Newtonian 
liquids. When using non-Newtonian liquids the direction of the inertial lift 
force acts in the opposite direction i.e. the sphere moves towards the centre 
of the channel rather than towards the channel wall [160]. 
It is clear from Table 2-5 that the use of inertial lift and Dean drag forces is a 
promising technique for sphere separation by size. One of the main 
advantages of these devices is the relatively high throughput achievable 
along with the ability to sort multiple sizes at once. The high throughputs 
and sorting efficiencies achieved by Hansson et al. [161] and 
Kuntaegowdanahalli et al. [156] are particularly encouraging. 
The use of inertial lift and Dean drag forces to achieve medium exchange has 
been demonstrated by Lee et al. via the use of expansion and contraction 
channels to force spheres to one side of a channel and a medium to the other 
[162]. It has also been used to enhance existing phase partitioning which 
exploits the different charges between spheres and carrier liquids to move 
spheres to a particular medium [163]. 
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Table 2-5: Summary of inertial and Dean based separation techniques. High throughput is achievable along with the ability to sort multiple sizes simultaneously. 
Ref Type Channel dimensions Sphere Size Quality Notes 
[147] Asymmetric 
curved channel 
Dh= 10-87m 2-17m Sorting of 4 and 7 m spheres at slightly less 
than 1g/hr (~90ml/hr) 
Focusing of 9m spheres in straight square 
microchannel is also demonstrated. 
[160] Non-newtonian 
fluid 
Dh= 50m 1 and 5m Central outlet: 99.9% of 5m spheres 
Side outlets: 99.1% of 1m spheres 
Flow rate: 0.27ml/hr  
 
[149] Asymmetric 
curved channel 
50m deep 3.1 and 9m 3.1m to all outlets, 5m to outlet 5 There is a trade of between throughput and 
separation purity. 
[152] Spiral 500x220m 40 and 60m Demonstration of two distinct focused 
streams at 180ml/hr 
 
[154] Spiral 50m deep 7 and 10m 10m focused at 193m from inner wall. 
7m focused at 275m from inner wall. 
Channel width gets wider as spiral radius 
increases. 
[164] Straight channel 100x230m 3 and 10.2m Central outlet: 69% 3m, 22% 10.2m 
Side Outlets: 31% 3m, 78% 10.2m 
Additional inlets are used to initially focus all 
the spheres into the centre of the channel. 
[159] Straight channel 20x50m 590nm and 
1.9m 
1.9m spheres focused, collected at side 
outlets. 590nm spheres remain unfocused. 
 
[161] Straight channel 50m wide, 50-250m 
deep 
2 and 10m 4 parallel channels – 97% efficient – 48ml/hr 
16 parallel channels – 95% efficient – 
192ml/hr 
Two-level parallelised device. Focused 
spheres go to one layer, unfocused spheres 
remain 
[156] Spiral 500 m wide, 90-
140m deep 
10, 15 and 
20m 
Separation efficiency of ~90%. 20, 15 and 
10m spheres sorted to outlets 1, 2 and 3 
respectively. Flow rate ~180ml/hr 
 
[157] Spiral 250x50m 1.9 and 
7.32m 
Complete separation of 1.9 and 7.32m 
spheres at flow rate of up to 1.2ml/hr 
 
[162] Expansion 
Contraction 
channel 
350x38µm (expansion), 
50x38µm 
4, 10 and 
15µm 
Complete separation of 4 and 10µm spheres Medium exchange also demonstrated. 
[165] Spiral 20x20µm 1, 2.1 and 
3.2µm 
87 % of 2.1 µm and 93% of 3.2µm spheres 
through outlets A, B and C, majority of 
spheres through outlet D 1µm 
Aimed to isolate spheres below a certain size 
by focusing only spheres above that size. 
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2.3 Conclusion 
It is clear that there are many techniques that can be employed in 
combination with microfluidics to sort spheres based on their size. When 
selecting which technique to use it was important to consider the design 
criteria put forwards by Thermofisher, namely that the sorting technique be 
density independent and simple. These two considerations rule out all of the 
active control techniques as acoustophoresis, dielectrophoresis and gravity 
based methods are all density dependent whilst optical methods and 
magnetophoresis are not simple; requiring complex equipment or, in the 
case of magnetophoresis, sphere labelling. This leaves passive techniques 
and it was decided that inertial focusing techniques were the most 
promising as they offer relatively high throughput and sorting accuracy 
whilst they are also comparatively simple to design and manufacture. 
There has not been a great deal of work carried out in the field of 
microfluidic medium exchange however there are a few instances showing 
that it is clearly possible to continuously transfer spheres between mediums 
within microfluidic channels. It was decided that the medium exchanger 
would be a development of a phase separator device that was previously 
invented by a colleague within the laboratory as this appeared to be a 
promising technique for selectively extracting mediums.  Clearly this 
capability could by useful when trying to perform an exchange. An 
adaptation of the phase separator should allow for medium exchange based 
on hydrodynamic filtration but with the aim of achieving greater throughput 
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than has been previously demonstrated [134]. The principles behind the 
phase separator are introduced in the next chapter.  
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3 Phase Exchanger Concept 
3.1 Objective 
Multi-stage chemical processes, such as the manufacture of silica spheres, 
often require the transfer of the product from one reagent or solvent to 
another to facilitate the next stage of a process. Typically, in industry, 
separation is performed via a gravimetric approach which can take several 
hours. As such, a technique for separating and exchanging liquid phases in 
flow, on a microfluidic chip, is an attractive prospect as it could drastically 
reduce production times. This chapter presents work to develop a phase 
exchanger for this purpose. The exchanger will be based on a previously 
developed phase separator. As such the phase separator concept will also be 
introduced in this chapter.  
3.2 Introduction to the Phase Separator 
In recent years there have been many studies performed to achieve liquid-
liquid phase separation. In many cases, particularly in industry, a 
gravimetric technique is employed for phase separation as it is simple and 
requires little maintenance [166-168]. This approach, along with centrifugal 
techniques, relies on a density difference between the liquid phases [167, 
169, 170] and as such, these approaches are less appropriate, or, sometimes 
completely ineffective on a microfluidic scale [171]. Microextractors 
(microfluidic phase separators) can possess advantages over macro-scale 
approaches as they tend to be safer, cleaner and smaller [167] with much 
lower solvent use and waste. 
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The majority of microfluidic phase separation techniques exploit differences 
in the wetting characteristics of the liquids to be separated, typically via a 
membrane [172-174], microchannels [168, 174, 175] or junction splitting 
[167, 171, 176-179]. This section focuses on a microchannel approach based 
on the work by Castell et al. [168].  The microchannel technique was 
selected as it is more durable [180] and easier to manufacture than a 
membrane based design, and is potentially more adaptable than a junction 
splitter based device. It was also selected as it works for segmented flow 
regimes which allow greater mixing than is possible with side by side 
laminar flow where mixing occurs via diffusion [181]. 
The Castell phase separator works by exploiting the different wetting 
characteristics of the aqueous phase (water) and the organic phase 
(chloroform) in a Polytetrafluoroethylene (PTFE) device. PTFE is 
hydrophobic so the aqueous phase in repelled whereas the organic phase 
wets the surface. 
 
Figure 3-1: Demonstration of the PTFE wettability of chloroform (upper image) and water 
(lower) image. Drop volume  10µL. Image from reference [168]. 
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Several narrow (≈30µm wide) separator channels were machined 
perpendicular to the main microfluidic channel with a pressure differential 
exerted across them. This pressure differential encourages the wetting 
(organic) phase to travel down the separator channels whilst the non-
wetting (aqueous) phase cannot [168]. 
 
 
Figure 3-2: Phase Separator showing two main channels with an array of narrow separator 
channels running perpendicular to connect the two channels. Green arrows indicate 
aqueous flow through the device whilst blue arrows indicate organic phase flow. The 
aqueous and organic phases enter in a segmented flow pattern through inlet one at a fixed 
flow rate, Q, whilst a pressure, P, is applied to outlet one (as indicated by the red arrow) via 
an air filled syringe. This applied pressure creates a pressure differential, ΔP, across the 
length of the separator channels inducing the organic phase (that has a lower contact angle) 
to travel down these channels and exit through outlet two whilst the aqueous phase exits 
through outlet one.  
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Figure 3-3: Illustration of the separator channel position in relation to the main 
(500x500µm) microfluidic channels. A series of narrow channels running perpendicular 
between the outlet one and outlet two channels positioned at the top of the main channels. 
Inset: The separator channel cross-sectional dimensions. They have an approximately 
triangular cross section with a maximum width of 30µm and are ablated to a depth of 
130µm. 
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Figure 3-4: Photomicrograph of the phase separator in action showing chloroform being 
extracted. The segments of chloroform (red) are shrinking as they pass the separator array 
showing they are being extracted. Three segments are highlighted (S1, S2 and S3) and their 
respective lengths are compared alongside the image using three scale bars that are equal 
to the lengths of the three segments. The decreasing length of three highlighted segments 
illustrates that chloroform is being extracted as the segments pass the separator arrays. 
Although complete separation is not shown in this figure it has been demonstrated many 
times. 
3.3 Exchanger Design 
Two initial designs were tested. The principles of these designs are laid out 
below. 
3.3.1 Design One 
The principle behind this design is that phase two is supplied to the main 
channel via four thin channels (approximately ¼ the width of the main 
channels) as phase one is extracted through a phase separator. It was 
expected that the silica spheres would transfer from phase one to phase two, 
where the phases meet.  
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Figure 3-5: Phase exchanger design one. Thin channels supply phase two (blue), as phase 
one (yellow) is extracted via the separator channels. 
3.3.2 Design two 
The concept behind this design is that phases one and two are brought 
together into a side-by-side parallel flow pattern. Then, phase one is 
extracted via the separator channels. 
 
Figure 3-6: Design two, phase one (yellow) is extracted via the phase separator, whilst the 
main channel narrows, allowing phase two (blue) to fill the channel. 
Channel narrowing brings phase two down to fill the space created by phase 
one, being extracted at which point the particles are collected by phase two. 
This design maintains the flow-rate of phase two due to the reduction in 
channel width during phase extraction. This means the stream width of 
phase two should be maintained throughout and hence the flow rate. 
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Figure 3-7: Key features of exchanger design two. Two inlets channels join together to form 
one channel with the same width as the two channels combined allowing two phases to 
flow in parallel to each other whilst maintaining the flow rates that were present in the two 
inlet channels. An array of separator channels then extracts the phase that is positioned 
closest to the separator array. To keep the flow rate as consistent as possible the channel 
width is reduced over the length of the separator array. 
When the spheres are close to the separator channels, both these designs 
are, in effect, a form of hydrodynamic filtration. As such, it should be 
possible to exchange spheres that are smaller than the separator channel 
width due to the Zweifach-Fung effect, as described in section 2.2.2. 
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3.4 Exchanger Chip One 
3.4.1 Experimental 
The first chip was manufactured with two possible exchanger designs 
allowing both to be tested in a short time period. The main features of 
design one are the four 150µm channels that introduce the secondary phase, 
as the primary phase is extracted. All other channels in design one have a 
cross-section of 500µm x 500µm. The fabrication technique for this, and all 
subsequent chips, is as described in section 3.10, unless stated otherwise.  
 
Figure 3-8: Channel cross-sectional dimensions of phase exchanger design one. Main 
channels (green) are created by removing material via milling a 50mm diameter PTFE chip. 
Exchanger channels (yellow) are ablated using a femtosecond laser. The separator channels 
are also ablated such that they are 30µm wide and approximately 130µm deep, they have a 
triangular cross section as described in Figure 3-3. A pressure differential is created across 
the separator channels by applying pressure as indicated by an orange arrow. Black arrows 
indicate the direction of flow. Flow through the inlets was supplied at a constant flow rate, 
Q, by syringe pump. 
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The four 150µm channels in exchanger design one are created by using laser 
ablation due to the unavailability at the time of manufacture of a small 
enough milling tool. Using laser ablation to effectively clear a reasonably 
large area in PTFE was investigated in chapter 8 (Appendix A).  
 
Figure 3-9: Channel cross-sectional dimensions of phase exchanger design two. The two-
phase flow channel (red) and the inlet and outlet channels (green) are created by removing 
material via milling a 50mm diameter PTFE chip. Transition region (blue) features a milled 
channel that narrows from 1mm to 500µm wide along the length of the separator channel 
array. The separator channels are also ablated such that they are 30µm wide and 
approximately 130µm deep, they have a triangular cross section as described in Figure 3-3. 
Black arrows indicate the direction of flow. Flow through the inlets was supplied at a 
constant flow rate, Q, via a syringe pump. A pressure differential is created across the 
separator channels by applying pressure as indicated by an orange arrow. 
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The separator arrays were made of 225 channels for design one and 290 
channels for design two. The number of channels was selected such that 
there were more channels than in previous phase separator work but 
without taking up too much room on the chip. In both cases the separator 
channels were 2.05mm long. Chloroform (coloured with Sudan Red IV) and 
water (coloured with Green Silver Spoon food colouring) were used as 
phases one and two respectively. 
3.4.2 Results and Discussion 
Whilst an exchange did occur with exchanger design one, a problem was 
identified in that the boundary between the two phases is stationary. As 
such, there is no flow across the barrier, and therefore, the solid particles 
may not be encouraged to cross between phases one and two. 
 
Figure 3-10: Exchanger design one showing an exchange of chloroform (red) for water 
(green). Chloroform is extracted via the separator channel array whilst water is introduced 
through the 4 narrow channels. Arrows indicate the direction of flow. 
The creation of the narrow 150µm channels via laser ablation caused the 
channels to be rough and, therefore, highly liable to contamination and the 
collection of dirt. The nature of these channels can be seen in Figure 3-11. 
3 Phase Exchanger Concept 
 63 
 
Figure 3-11: Femtosecond laser ablated channel cross-section showing the rough nature of 
the bottom of a channel created using laser ablation in PTFE. A series of 8 parallel lines 
were ablated in close proximity to each other to create this channel. 
When testing design two using chloroform and water, it was found that 
segmented flow, rather than parallel flow, was achieved as shown in Figure 
3-12. This was not the behaviour that was initially expected and as such was 
the focal point of following experiments. It was later established that this 
expectation was due to a lack of understanding of how fluids interact, using 
immiscible liquids for this exchanger design will not allow it to perform as 
detailed in the exchanger design two concept. 
3 Phase Exchanger Concept 
 64 
 
Figure 3-12: Segmented flow pattern set up by exchanger design two. Chloroform (red) 
and water (green) are introduced through inlets one and two. Chloroform is extracted via 
the separator array whilst the water is not extracted. Arrows indicate the direction of flow. 
3.5 Exchanger Chip Two 
3.5.1 Experimental 
The objective of this chip was to determine whether or not the segmented 
flow achieved with design two, was a result of the Y-junction geometry used 
to bring the two phases together. To achieve this, two channels were 
brought together using two parallel channels separated by only 100µm. It 
was hoped that this would reduce any possible turbulence that may result 
from the two streams coming together. The separator channel array was 
made up of 400 channels. The number of channels was increased in attempt 
to increase the amount of extraction. 
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Figure 3-13: Channel cross-sectional dimensions of exchanger chip two. Inlets and Outlets 
(green), two phase flow region (red) and transition region (blue) all created through 
milling. Transition region narrows from 1mm – 500µm. Separator channel array (A) created 
via femtosecond laser ablation, dimensions as shown in Figure 3-3. Black arrows indicate 
the direction of flow. Flow through the inlets was supplied at a constant flow rate, Q, via a 
syringe pump. A pressure differential is created across the separator channels by applying 
pressure as indicated by an orange arrow. Main development: The two inlets are brought 
together in a straighter manner rather than the Y-junction formation used previously.  
3.5.2 Results and Discussion 
The purpose of chip two was to investigate whether the segmented flow 
achieved in design two of exchanger chip one was due to the Y-junction 
geometry. It was found, however, that segmented flow still occurred. This is 
due to the fundamental characteristics of how the fluids interact. Immiscible 
fluids such as chloroform and water are always liable to create some form of 
segmented flow or emulsion depending on the channel geometry at the 
initial interface boundary. Parallel flow of two immiscible liquids is only 
possible with identical contact angles. 
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During chip two testing, it was established that liquid-liquid phase exchange 
was possible with segmented flow as shown in Figure 3-14.  When used with 
immiscible fluids the exchanger acts in much the same way as shown 
previously by Castell et al. [168]. 
 
Figure 3-14: Exchanger design two working with segmented flow. A) Segmented flow 
pattern created. B) The chloroform (red) is extracted by the phase separator. C) The 
exchange is complete, leaving just water (green) in the main flow channel. 
To confirm that the segmented flow pattern was a result of the 
characteristics of the liquids, chloroform was used as both the primary and 
secondary phases. Two phases of chloroform, which have identical contact 
angles and are miscible, present a significant contrast to water and 
chloroform, which are immiscible liquids with significantly different contact 
angles. To visually differentiate the two phases, Sudan red dye was added to 
the secondary chloroform phase. 
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Figure 3-15: Parallel flow achieved using two streams of chloroform. It can be seen that 
there is crossover of the two streams at the bend leaving the secondary phase (red) in the 
wrong position. Arrow indicates the direction of flow. 
Figure 3-15 shows that parallel flow was achieved with two streams of 
chloroform presenting the possibility that the exchanger will work as 
initially intended. It was also found, however, that crossover of the two 
streams occurred at the bend in the channel. This behaviour is a result of 
Dean flow [182] and is a problem that must be eliminated for the exchanger 
to work as it places the secondary phase, rather than the primary phase, in 
the position to be extracted. There is also an element of mixing that occurs 
due to nature of this crossover, for these reasons the bend should be 
eliminated from the exchanger design. Alternatively the Dean flow could be 
reduced or eliminated by increasing the radius of the curve or by reducing 
the flow rate [157], however as this curve was deemed to offer no particular 
benefit it was decided that removing it would be the most appropriate 
solution. 
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3.6 Exchanger Chip Three 
3.6.1 Experimental 
Exchanger chip three eliminates the bend in the channel prior to exchange. 
The two phases are brought together immediately prior to exchange. Both 
phases were chloroform, with phase one containing Sudan red to distinguish 
it from phase two. 
 
Figure 3-16: Channel cross-sectional dimensions of exchanger chip three. Inlets and 
Outlets (green), two phase flow region (red) and transition region (blue) all created 
through milling. Transition region narrows from 1mm – 500µm. Separator channel array 
created via femtosecond laser ablation, dimensions as shown in Figure 3-3. Black arrows 
indicate the direction of flow with flow supplied to the inlets at a constant rate, Q. A 
pressure differential is created across the separator channels by applying pressure as 
indicated by an orange arrow. Main development: Bend prior to the exchanger removed.  
3.6.2 Results and Discussion 
By bringing the phases together in line with the exchanger any problems 
created by Dean flow were eliminated. Having eliminated the crossover 
problem, it was now possible to deliver the phases to the exchanger in a 
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parallel flow formation, and thus demonstrate the possibility of miscible 
exchange. This is shown in Figure 3-17. The possibility of using this phase 
exchanger with both parallel and segmented flow patterns could potentially 
provide an advantage over other microfluidic exchangers as it would 
provide greater versatility in terms of the chemicals that can be exchanged 
[183]. 
 
Figure 3-17: Parallel flow exchange. The primary phase (red) is exchanged for the 
secondary phase (clear). Both phases are chloroform. Direction of flow is indicated by the 
arrow. 
Having established that purely liquid-liquid phase exchange is possible, the 
next necessary step was to introduce solid particles into the stream to 
confirm that particles would be transferred from phase to phase. To this 
end, 120µm porous silica spheres were added to the chloroform within the 
syringe to be pumped into the microfluidic chip. However, this did not 
provide a controlled, periodic supply and frequently caused blockages at the 
inlet. As a result, it was decided that spheres should be made and cured on 
chip.  
3.7 Sphere Production 
In order to create spheres on-chip they need to be capable of being created 
and cured quickly. It was decided that the spheres should be created using a 
polymer that cures under ultraviolet light. Using UV curing is more 
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controllable than many other curing techniques, such as heating, as it can 
more easily be localised to a certain region of the chip and also UV light can 
be supplied to the chip, almost instantly. UV curing also required no 
adaptations to the manifold so it could be tested immediately. Initially, a 
polyethylene glycol dimethacrylate (PEG) and Vazo 56 photo-initiator based 
mixture was used. However, this was found to cure too slowly. As an 
alternative, trimethylolpropane triacrylate (hereafter known as TMPTA) 
mixed with 2-hydroxy-2-methylpropiophenone photo-initiator, in a ratio of 
10:1 was used. This was found to cure within seconds when exposed to a 
365nm UV LED (LED Engin LZ1-00U600, 5W, 365nm). TMPTA can 
henceforth, be considered to include the photo-initiator, unless otherwise 
stated.  
3.7.1 Sphere Production Chip One 
3.7.1.1 Experimental 
Liquid segments were created at a T-junction on-chip. The channel then 
expands causing these segments to become spherical droplets. These 
droplets then travel through a meandering channel allowing for prolonged 
exposure to the UV light source. The chip was produced with the exchanger 
architecture, but the separator channels were not ablated for initial testing 
of the sphere production. 
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Figure 3-18: Sphere production chip one dimensions. Segments of TMPTA are created in a 
hexane/oil (1:4) carrier phase using a T-junction (yellow) and turned into spheres via a 
channel expansion to a meandering region (green) where UV curing occurs. 
A mixture of hexane and mineral oil (1:4 ratio) was introduced via inlet one 
and TMPTA through inlet two. The hexane:oil mixture was pumped at a flow 
rate of 5ml/hr and the TMPTA at 1ml/hr. 
The UV LED was powered using a Farnell 5V DC power supply and held 
against the surface of the glass cover plate during exposure. 
3.7.1.2 Results and Discussion 
This chip design successfully created TMPTA droplets in the mineral oil and 
hexane carrier fluid. However, when they were exposed to UV curing, the 
spheres stuck to each other creating a ‘chain’ of spheres as shown in Figure 
3-19.  
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Figure 3-19: Photomicrograph of sphere production chip one showing a chain of cured 
TMPTA spheres stuck together causing a blockage in the channel. 
This is likely as a result of the expansion region causing the spheres to 
become closer together, as shown in Figure 3-20, and, therefore, any slight 
slow-down in velocity, could cause the spheres to collide. To overcome this, 
the next stage of development removed the expansion region. 
 
Figure 3-20: Photomicrograph of the expansion region used in sphere production chip one. 
The expansion region causes a reduction in the sphere spacing. Flow is from left to right. 
3.7.2 Sphere Production Chip Two 
3.7.2.1 Experimental 
An adaptation was made to the T-junction to facilitate the production of 
spheres without the need of the expansion region. A narrowing of the 
channel at the junction, allows smaller droplets to be created at a 
manageable speed; i.e. a speed at which spheres could be observed and 
recorded in motion . The narrowing works as it increases the shear stress on 
the edge of the droplet, as it emerges from the junction. Due to this 
increased shear, the volume required to force a droplet to break off from the 
junction is lower. This narrowing is shown in the inset of Figure 3-21. The 
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channel from inlet two was also shallower than the main channel; this also 
aided with the formation of smaller controllable spheres. 
 
Figure 3-21: Cross-sectional dimensions of sphere production chip two. A shallower 
TMPTA inlet channel (yellow) meets the main flow channel (green) at a T-junction. The 
TMPTA channel narrows to 140µm wide at the junction in order to create spherical 
droplets within the Oil/Hexane carrier phase. The main channel meanders to create a UV 
curing region. Black arrows indicate flow. Inset: The T-junction showing the narrowing of 
the channel at the junction. 
A flow of hexane and oil (1:4 mixture) through inlet one was set at 4.3ml/hr, 
and the flow of TMPTA through inlet two was set at 0.2ml/hr. The UV LED 
was held against the manifold glass cover plate, pointing downwards, during 
exposure. 
3.7.2.2 Results and Discussion 
Spheres created by this design were suitably sized and well spaced. 
However, after approximately 30 seconds of UV exposure, curing was 
evident in the TMPTA in the TMPTA inlet channel. This led to a blockage in 
this inlet channel. This was most likely a result of the dispersion that occurs 
as light travels through the glass used in the chip manifold. To overcome 
3 Phase Exchanger Concept 
 74 
this, it may be necessary to increase the distance between the sphere 
production and curing regions. In the short time prior to the inlet becoming 
blocked, there were some spheres produced, these spheres were cured and 
collected within a vessel at the outlet.  The spheres are shown in Figure 
3-22. These spheres appear to be highly monodisperse suggesting the T-
junction is a suitable sphere producing technique. 
 
Figure 3-22: Photomicrograph of TMPTA spheres produced on exchanger chip five. 
Spheres were imaged after being collected in an outlet vessel and cleaned in acetone. 
3.7.3 UV dispersion test 
In order to determine the extent to which the UV light disperses through the 
glass a brief experiment was performed. 
3.7.3.1 Experimental 
A shallow reservoir was cut into a poly ethyl ketone (PEEK) disc and filled 
with TMPTA before a thin FEP film and a glass cover plate were placed on 
top of this, as shown in Figure 3-23. 
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Figure 3-23: Illustration of the setup used to test the UV dispersion through the glass cover 
plate. A reservoir in a PEEK disc was filled with TMPTA which was cured by a UV LED 
placed in contact with the glass. By measuring the size of the cured region it was possible to 
determine the UV dispersion. 
With the UV LED placed in the centre, in contact with the glass, it was 
switched on for 10s and the region that had cured was measured. This 
experiment was repeated three times. 
3.7.3.2 Results and Discussion 
The diameter of the cured region ranged from 28-29.4mm. The cured region 
can be seen in Figure 3-24.  
 
Figure 3-24: Result of the UV dispersion test. The TMPTA was cured by the UV LED held 
against the glass using the setup shown in Error! Reference source not found.. By 
measuring the size of the cured TMPTA the extent of the dispersion could be determined. 
This curing region is far too big to be practical on 50mm diameter 
microfluidic chip. As such, the top of the glass was masked off with electrical 
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tape, save for a small rectangular hole measuring 2.3mm x 1.8mm. After 10s 
of UV exposure, the cured region was rectangular (with slightly rounded 
corners) with the dimensions 9.9mm x 8.2mm. By applying trigonometry, 
using the difference in the size of the cured rectangular region, and the size 
of the masked rectangle, it is possible to get an approximate idea of the 
extent of dispersion. It was found that the UV light dispersed at 
approximately 34° from the vertical. 
Using this information, it was possible to design an LED housing that would 
restrict the size of the UV light profile, and therefore the size of the curing 
region. It was decided that, based on available tools, a 3mm diameter hole 
would be suitable as this would provide a circular curing region of roughly 
17mm diameter. Having produced the housing, it was found that the curing 
region was approximately 15mm. This slight discrepancy is most likely due 
to the LED being raised a few mm above the glass by the housing. 
 
Figure 3-25: LED housing viewed from both the bottom (right) and the top (left). The LED 
and wiring is placed in the grooves (shown on the left). The housing is then placed against 
the glass with the bottom of the housing (shown on the right) placed into contact with the 
glass. 
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3.7.4 Sphere Production Chip Three 
3.7.4.1 Experimental 
Based on the results of the UV dispersion test, the curing region was moved 
farther away from the sphere creation. To maximise the curing time in the 
area under UV exposure, the channel was milled in a spiral formation as this 
maximised the channel length to chip area ratio. 
 
Figure 3-26: Cross-sectional dimensions of sphere production chip two. A shallower 
TMPTA inlet channel (yellow) meets the main flow channel (green) at a T-junction. The 
TMPTA channel narrows to 140µm wide at the junction in order to create spherical 
droplets within the Oil/Hexane carrier phase. The UV curing region is a spiral to maximise 
curing time spent under the UV light. Black arrows indicate direction of flow. 
The flow rates used were 0.15ml/hr for the TMPTA and 6ml/hr for the 
hexane/mineral oil mixture. 
3.7.4.2 Results and Discussion 
Tests carried out on this chip confirmed that the distance between the 
curing and production regions was large enough to prevent inlet curing. 
However, blockages did occur every time curing was attempted. On this 
occasion blockages occurred in the curing spiral as shown in Figure 3-27. 
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Figure 3-27: Photomicrograph of a TMPTA blockage in the curing spiral on sphere 
production chip three. Droplets have come into contact during curing and are therefore 
stuck together. 
This blockage appears to be a series of spheres that have stuck together as 
they cured. Droplets could be created in a consistent manner with this 
exchanger, as can be seen in Figure 3-28, but when curing was initiated 
blockages occurred on a consistent basis. This suggests that there was some 
slow-down of the spheres, causing them to become progressively closer 
together.  
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Figure 3-28: TMPTA droplets, in a mineral oil/hexane carrier solution, created on sphere 
production chip three travelling through the curing region. Droplets appear to have been 
made in a relatively consistent manner with little variation in their spacing prior to UV 
curing. Once curing was initiated blockages occurred on a regular basis. 
This slow-down could be due to some manufacturing error, or dirt in the 
channels, or it could be caused by some inherent property of the curing 
process. To investigate this, additional spiral based chips were produced 
and compared with the meander used in chip two (Figure 3-21). From this it 
appeared that there was a higher likelihood of slowdown in the spiral, than 
in a series of meandering straight channels. Evidence of this apparent slow-
down could be seen when droplets combined together to form larger 
droplets as highlighted in Figure 3-29. The slow-down shown in Figure 3-29 
suggests that dirt, manufacturing errors or leakage are factors as there is 
some slow-down even before curing is initiated.  
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Figure 3-29: Spiral curing region with evidence of droplet slowdown. Highlighted: Droplets 
getting closer together; also droplets that have combined into a larger segment.  
The increased probability of slow-down in spiralled channels, when 
compared to meandering channels, is possibly due to the limitations of the 
milling process. It was observed that machining ‘frills’ were more prevalent 
with curved channels than in straight channels. Machining ‘frills’ are thin 
strands of PTFE left around the top of the channels after the milling process. 
These ‘frills’ can be seen in Figure 3-30.  
 
Figure 3-30: Photomicrographs of the surface of a PTFE chip at the edges of microfluidic 
channels. Highlights the machining 'frills' that occur when using micro milling to produce 
the chips. The frills (highlighted by white ovals) are much less prevalent in straight 
channels (A) than in curved channels (B). The curved channel shows numerous and large 
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frills along the channel edge whilst the straight channel has minor frills and there are fewer 
of them. In both images the scale bar represents 500µm. 
After polishing these frills can be removed by hand using tweezers but this 
is a laborious process that is not 100% effective and can also damage the 
channel walls. 
3.7.5 Sphere Production Chip Four 
3.7.5.1 Experimental 
The spiral region was removed and replaced with a meandering channel in 
an attempt to reduce the number of blockages that occurred as a result of 
droplets combining. Additionally, a flow focusing junction  was trialled for 
sphere production to determine whether it was possible to achieve greater 
control of sphere spacing and size. 
 
Figure 3-31: Cross sectional dimensions of sphere production chip four. All channels are 
500x500µm (green) apart from at the flow focusing junction which narrows to 200µm wide 
(see inset). Arrows indicate direction of flow. 
3.7.5.2 Results and Discussion 
The flow-focusing junction was found to offer improved controllability and 
stability in terms of sphere production. Stability in this context, refers to 
consistency of sphere separation and size. By adjusting the flow rate of 
TMPTA through the central inlet, the size of the droplets could be altered 
3 Phase Exchanger Concept 
 82 
whilst the hexane/oil flow rate could be adjusted to control sphere spacing.  
Suitable flow rates were found to be 5ml/hr (hexane/oil) and 0.7ml/hr 
(TMPTA). 
 
Figure 3-32: Image of the flow focusing junction creating droplets of TMPTA (white) in 
hexane/oil solution (red). Flow is from left to right. 
The other change on this chip was the return to a series of straight channels 
as opposed to a spiral in the curing region. Despite this, a blockage still 
occurred once curing was initiated. To try to explain this it was postulated 
that the droplets may be sinking within the channels and then sticking to the 
PTFE as they cure. Evidence that this could be the problem was found by 
curing a drop of TMPTA on the surface of the chip (not in a channel) and 
finding that in the curing process the TMPTA did adhere slightly to surface. 
To overcome this TMPTA adhesion problem an alternative UV curing liquid 
was obtained. Polyethylene glycol (PEG) was used instead. When cured with 
the same 10:1 ratio of 2-hydroxy-2-methylpropiophenone photo initiator as 
used with TMPTA, the PEG was found not to adhere with the PTFE during 
curing. Using PEG in sphere production chip four, was found to be more 
effective. The spheres could be created in a consistent and controllable 
manner, as shown in Figure 3-33, and were found to not stick together into 
chains as had occurred with the TMPTA. This led to spheres being created 
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and cured on chip, some of which can be seen in Figure 3-34. Forty five of 
these spheres were measured using the NIS elements software and were 
found to be reasonably monodisperse, having a mean diameter of 398.25m 
with a coefficient of variation of approximately 3%. Some of the spheres 
were excluded from measurement as the droplets created during the initial 
set up stages of sphere production, were highly polydisperse until the 
pressure within the microfluidic system stabilised. A problem did arise at 
the outlet with spheres occasionally getting stuck at the outlet at the point 
where the spheres are required to make a 90 degree turn to drop down 
through the hole in the chip and manifold. This would occasionally lead to 
spheres coming together and lodging themselves across the width of the 
channel. This problem was later overcome by a colleague on a different 
project, by using an outlet that came out of the side of the manifold rather 
than turning 90 degrees. 
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Figure 3-33: Photomicrograph of PEG spheres passing through the UV curing region of 
sphere production chip four. Highlighting the consistent and wide spacing between 
droplets, which helps to prevent the droplets sticking together during sphere curing. PEG 
inlet flow rate: 0.6ml/hr. Hex/Oil flow rate: 10ml/hr. 
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Figure 3-34: Photomicrograph of 9 sample PEG spheres that were created and cured on 
chip. 45 spheres were measured and found to have a mean sphere diameter of 398.25m 
with a coefficient of variation of approximately 3%. 
Spheres have been produced and cured on chip using ultraviolet curing of 
both TMPTA and PEG. It was found that PEG spheres were less prone to 
channel blockages than TMPTA, particularly when used in a meandering 
channel with a flow focusing junction to create the droplets. Spheres were 
produced with a coefficient of variation of approximately 3% this is close to 
the levels of monodispersity that has typically been achieved previously 
using microfluidic devices [184]. 
 
3.8 Sphere Exchange 
 
Once a number of spheres had been created they were introduced to the 
medium exchanger as a proof-of-concept. The exchanger was found to 
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successfully transfer the sphere from one phase to the other as shown in 
Figure 3-35. 
 
Figure 3-35: A series of video frames captured using a microscope showing sphere 
exchange. A) The sphere about to enter the exchanger carried in phase one (clear liquid) 
travelling left to right. Sphere highlighted by dashed line. B) Mid exchange: The sphere is 
still in phase one but some extraction has occurred. C) Enough of phase one has been 
extracted causing the sphere to cross into phase two (red liquid). The exchange is complete. 
Whilst this brief test did confirm that a sphere could be exchanged using this 
design it was apparent that flow through the main channel outlet was very 
slow when a pressure high enough to achieve full exchange was used 
(approximately 7kPa). This is a major problem with this system as it means 
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the throughput of the device is almost nil. This problem must be overcome 
for the device to be viable. 
The spheres were also used to test the exchanger when used with 
immiscible liquids. Phase one was chloroform and phase two was water 
dyed with blue Silver Spoon food colouring. The tests showed that phase one 
could be extracted and it seemed to show the sphere being transferred into 
the secondary phase. This is shown in Figure 3-36. 
 
Figure 3-36: Exchange using immiscible fluids. a) The sphere is being carried by phase one 
(clear, chloroform) b) Phase one has been extracted; the sphere appears to have been 
transferred to phase two (blue, water). The image has been adjusted to highlight the 
position of the sphere. 
Although at first glance the sphere appeared to have been transferred into 
the secondary phase, as shown by image b) of Figure 3-36, this was not the 
case.  Instead it remained where it was when the primary phase was 
extracted rather than being collected into the flow of the secondary phase. 
The current hypothesis to explain this, is that there is a thin film of phase 
one still surrounding the sphere that causes the secondary phase to flow 
over the sphere rather than picking up the sphere and moving it. The 
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primary phase essentially creates a ‘bunker’ that protects the sphere from 
the secondary phase. This is illustrated in Figure 3-37. 
 
Figure 3-37: Illustration of the 'bunker' surrounding the sphere during an immiscible 
exchange. The sphere is shown in red, phase one in white and phase two in blue. The 
arrows indicate the flow of phase two up and around the sphere. This is a side-on view of 
the channel. 
Evidence for this theory can be seen in Figure 3-38 where the chloroform 
phase appears to preferentially wet the surface of the PEG sphere. Even 
when the majority of the chloroform has evaporated away a thin film of 
chloroform is still evident on the surface of the sphere. This suggests that 
the surface of the sphere is more readily wetted by the chloroform than the 
water thus maintaining a barrier between the sphere and the water. More 
information about wetting characteristics can be found in section 1.5. 
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Figure 3-38: Evidence to support the bunker theory to explain the lack of movement of PEG 
spheres when performing an immiscible exchange. A PEG sphere is placed on a PTFE chip 
before water (clear) and chloroform (red) droplets are dropped on the sphere. The surface 
of the sphere is preferentially wetted by the chloroform, as can be seen by the red ring 
around the sphere. This can also be seen in the side profile shot (inset) where the sphere is 
contained within the chloroform rather than the water. 
3.9 Conclusion 
This chapter has introduced the concept of the microfluidic phase separator 
and adapted it to facilitate phase exchange. By creating ultraviolet curable 
spheres it has been possible to demonstrate the transfer of spheres between 
two phases. However, a problem with the throughput of the device was 
identified. Due to the increased pressure applied to outlet one, the flow rate 
out of this outlet dropped significantly. This is a problem that needs to be 
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overcome to make the medium exchanger viable and will be the initial focus 
of the next chapter. 
3.10 Appendix - Device Fabrication 
Microfluidic chips were designed using SolidWorks before being exported to 
CircuitCAM 5.0 (LPKF, Germany) as .DXF files. This software allows milling 
procedures to be assigned to cut the appropriate regions of the chip. These 
procedures are then exported to BoardMaster (LPKF, Germany) where tools 
are assigned to the milling procedures. The BoardMaster software controls 
the micromachining tool. Whilst the BoardMaster software controls the 
machine head movement in the X and Y planes the Z plane is controlled by 
manual adjustment to the desired depth. To ensure a good surface finish 
within the channels, and to minimise the stress placed on the tool, multiple 
machine passes were used; typically only increasing the depth by a quarter 
of the tool diameter for each pass. Milling was carried out with a milling tool 
spin speed of 30,000rpm. Inlet and outlet holes could be drilled in any of 12 
positions; the holes were centred 3.25mm from the edge of the PTFE chip. 
These 12 positions lined up with holes in a prefabricated metal manifold. 
The chips were polished before and after milling to obtain a smooth and flat 
surface. Polishing was performed by hand by rubbing the PTFE chip over a 
series of polishing papers of increasing fineness with a cotton polish as the 
final stage (240-2500 grade SiC grinding paper for metallography, 
BUEHLER). The same production technique was used for the manufacture of 
all PTFE chips. Flat 2” diameter PTFE discs were used with channels 
machined into the surface of the PTFE. 
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The separator channels were created using 768nm femtosecond laser 
ablation. Short pulse femtosecond laser ablation was used as it has 
numerous advantages. Firstly the high precision machining that is possible 
with laser ablation allows for narrower channel widths than are generally 
possible with tradition milling techniques. Additionally the low operating 
temperature and minimal thermal penetration of femtosecond laser ablation 
greatly reduces the potential for melting to occur around the sight of the 
ablation [185]. The ablation path was created as a series of lines in the 
Advanced Profiling software that reached across the gap between the main 
channel and the secondary outlet channel plus an additional 50µm either 
side as a fabrication tolerance to ensure all channels reached all the way 
across the divide. This array of lines was fabricated with a single sweep of 
the femtosecond laser using the parameters detailed in Table 3-1.  
Table 3-1: Laser ablation parameters used to ablate 30µm wide channels in PTFE 
Parameter Value 
Power at point of ablation 0.38W 
Machine Speed 50 mm/min 
Machine Steps 2000 /mm 
Max. Rep Rate 200 Hz 
Loops 1 
Lead in 0.05mm 
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Figure 3-39: Profile of the separator channels created using femtosecond laser ablation. 
Channels were set in epoxy resin and polished down to gain a profile without significant 
damage occurring. One separator channel has been highlighted with a dashed line. 
The chips were placed within a metal manifold beneath a 100µm thick layer 
of Teflon® PFA film and a glass window. Finger tight connectors were used 
to attach Teflon tubing (ID 0.5mm, OD 1.58mm) to the underside of the 
manifold, providing access to the chip inlets or outlets. 12 screws were then 
used to apply a compressive force across the glass window to ensure the 
fluidic channels were sealed. 
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Figure 3-40: Image of the manifold used to create sealed PTFE devices with a diagram of 
the parts of the manifold exploded from the image. Two stainless steel plates are placed 
either side of a glass cover plate, Teflon film and a PTFE chip. Bolts are used to compress 
the film and glass against the PTFE creating a seal. Finger tight fittings are connected to the 
underside of the manifold to allow Teflon tubing to connect to inlet and outlet holes that are 
drilled through the PTFE chip. 
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4 Phase Exchanger Development 
In the previous chapter, experiments indicated that the phase exchanger 
concept could work but it was clear that there were problems with the 
design. Chief among these problems was the issue of throughput at the 
pressures necessary for a complete exchange. This chapter details the work 
carried out to overcome this problem and also to develop the phase 
exchanger. 
Development of the exchanger was driven by the concept of fluidic 
resistance. The flow of fluids through a tube or channel is analogous to that 
of current along a wire, and as such, there is an equivalent to Ohm’s law. In 
electronics, Ohm’s law states that voltage is equal to current multiplied by 
resistance. Similarly in fluidics, the pressure differential along the channel, 
P, is equal to the volumetric flow rate, Q, multiplied by the fluidic 
resistance, R. 
P=QR          (4-1) 
When considering continuous laminar flow of incompressible liquids the 
Hagen-Poiseiulle  equation can be adapted to give [186]: 
∆𝑃 =
32𝑈𝑎𝑣𝑔𝜇𝐿
𝐷ℎ
2      (4-2) 
where, L is the channel length. Given that: 
 Q=UavgA     (4-3) 
with A being the channel cross-sectional area, it is then possible find an 
equation for fluidic resistance, namely: 
 𝑅 =
32𝜇𝐿
𝐷ℎ
2𝐴
     (4-4) 
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The hydraulic diameter, Dh, is defined as: 
𝐷ℎ =
4𝐴
𝑝
     (4-5) 
where p is the wetting perimeter of the channel. By considering these 
equations, many possible avenues of improvement can be established. 
4.1 Development Simulations 
In order to understand the pressure problem, and also to get a clearer view 
of how the exchanger works, it was decided that performing simulations 
using COMSOL Multiphysics® would be beneficial. Two physics types were 
used in every model; ‘Laminar Flow’ to simulate the flow and ‘Transport of 
Diluted Species’ to simulate the exchange. The ‘Laminar Flow’ physics 
module uses the Navier-Stokes equations for conservation of momentum 
and the continuity equation for conservation of mass whilst the ‘Transport 
of Diluted Species’ module uses the convection-diffusion equations. Due to 
their limitations these simulations would not serve as perfectly predictive 
simulations; i.e. a result of a 75% exchange would not necessarily match up 
exactly with the real world under the same flow conditions. This is because 
not all elements of the real world were possible to simulate using these two 
physics engines. For example, it is not possible to add the contact angle 
relationship between the liquid and the material that the chip is made from. 
However, by keeping the majority of the parameters the same between 
simulations, it is possible to create simulations that have merit as 
comparative tools. This means that alterations to elements such as the 
channel geometries, or flow rates, could be examined in comparison to other 
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simulations, to get an indication as to how these changes would impact the 
exchanger behaviour. 
4.1.1 Model Parameters 
Some parameters of the models remained consistent throughout all the 
simulations. These parameters are detailed here. As the models are not 
directly predictive it was deemed unnecessary to use many different liquids 
as may be used in the real world. Instead water was used, as the properties 
of water are most readily available. The in-built water material was used 
with some adjustments. The density and viscosity were set as 998 kg.m-3 
and 1 x 10-3 Pa.s respectively [187] with the temperature set to 293K. The 
boundary conditions and parameters for the ‘Laminar Flow’ physics tree are 
shown in Table 4-1. 
Table 4-1: Parameters and boundary conditions used with the ‘Laminar flow’ physics tree. 
Feature Boundary Condition / Parameters 
Walls No slip 
Inlets Laminar inflow 
Outlets Pressure, no viscous stress 
Initial Values Velocity field = 0 m/s 
Pressure = 0 Pa 
 
Table 4-2 shows the boundary conditions and parameters for the ‘Transport 
of Diluted Species’ physics. The initial value was set to 1x10-20 mol.m-3 
instead of 0 mol/m3 as it was found to speed the computation time whilst 
having a negligible impact on the results. 
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Table 4-2: Parameters and boundary conditions used with the ‘Transport of diluted 
species’ physics tree. 
Feature Boundary Conditions / Parameters 
Convection and diffusion Velocity field: From Laminar Flow study 
Diffusion coefficient = 2.023x10-9 m2/s [188] 
No Flux Apply to all species 
Initial Values 1x10-20 mol/m3 
Concentration Inlet 1 = 0 mol/m3 
Inlet 2 = 1 mol/m3 
Outflow Outlets 1 and 2 
 
The mesh parameters were also kept consistent throughout the simulations 
and had the following parameters. 
Table 4-3: Mesh parameters for exchanger COMSOL simulations. 
Max. element size 1.35x10-4 
Min. element size 2.9x10-5 
Max. element growth rate 1.23 
Curvature factor 0.7 
Resolution of narrow regions 0.6 
 
The simulations were solved in two steps, first the ‘Laminar Flow’ physics 
was simulated and then the results of this step were used to simulate the 
‘Transport of Diluted Species’ physics. The simulations were solved using a 
direct PARDISO solver. 
4.1.2 The Pressure Problem 
The first simulations were concerned with investigating the pressure vs. 
throughput problem.  
4.1.2.1 Model Parameters 
A 3D model was created as shown in Figure 4-1. The separator channels had 
a triangular cross-section and were 30m wide at the top, narrowing to a 
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point 130m below. Triangular channels were chosen as a close 
approximation to the actual shape of the separator channels as it drastically 
reduced the computational time. They were 500m long and separated by 
60m. The number of separator channels in the initial experiments was 110 
channels. This number was chosen as it offered a reasonably large number 
of channels without increasing the computing time to the point where it 
would be prohibitive for the number of simulations that were to be carried 
out.  
 
Figure 4-1: 3D model used in Pressure vs. Throughput simulations. The inlets are slightly 
narrower than 500m to allow for a 30m wide gap that is 500m long, which is used to 
separate the two inlets. Inlet, outlet and separator channel cross-sections are exploded 
from the diagram. 
The average flow rate was set as Uavg = 0.03 m/s for both inlets. This flow 
rate was chosen, as below this rate, even reasonably low outlet one 
pressures (<1kPa) could overwhelm the flow, pushing it back the wrong 
way. Additionally, 0.03m/s corresponds to approximately 27ml/hr, which is 
not outside of the realms of possibilities for real word applications. With a 
Re15, this flow rate is well within the laminar flow regime. The pressure 
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applied to outlet one was increased in steps of 0.2kPa starting at 0kPa. The 
results of the simulations were analysed by taking a surface average of the 
velocity and concentration at outlet one. This gave a number for the 
concentration of between 0 and 1. When multiplied by 100 this gave an 
exchange percentage with 0 being a 0% exchange and 1 being a 100% 
exchange. 
4.1.2.2 Results and Discussion 
A graphical illustration of the results of these simulations is shown in Figure 
4-2. It clearly shows a partial exchange is taking place with the majority of 
phase one being extracted through the separator channels. 
 
Figure 4-2: A) Rainbow plot of medium exchanger simulation showing high concentration 
in red and low concentration in blue. High concentration represents phase two whilst low 
concentration represents phase one. The plot is on an x-y plane positioned at 167µm from 
the top of the channel. The result is one plane of the simulation results for a pressure of 
4 Phase Exchanger Development 
 100 
0.6kPa applied to outlet one, which resulted in an average exchange of 73%. B) Illustration 
of the position of the x-y plane shown in image A in terms of its depth within the channel. C) 
Concentration plot on the yz-plane to show that the concentration is not uniform in the z-
dimension. Phase two is extracted more readily near the top. This plane was taken through 
the last separator channel. 
A statistical analysis using the values obtained from the surface averages 
highlights the pressure problem very clearly. It is clear that as the exchange 
improves the outlet one flow rate decreases. It appears that to achieve a 
100% exchange the throughput of the device would be 0 m/s.  
 
Figure 4-3: Phase two concentration versus average flow rate through Outlet One. As the 
level of exchange (blue) increases the flow rate (red) decreases. Both parameters are 
plotted against the pressure that was applied to outlet one. 
As the flow rate is the problem here, the obvious first place to look for a 
solution is to alter the flow rates. As such, simulations were run over the 
same pressure range but with mismatched flow rates. The overall flow rate 
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of the inlets (0.06m/s) was maintained but the ratio of inlet one to inlet two 
flow was altered. 
 
Figure 4-4: Concentration of phase two at outlet one for three different flow ratios against 
the pressure applied to outlet one. The overall speed remains consistent for all set-ups but 
the ratio of inlet one flow rate to inlet two flow rate varies. The flow rate out of outlet one 
remains as it is in Figure 4-3. 
Figure 4-4 shows that altering the flow rate ratio does impact the level of 
exchange allowing a more complete exchange to be achieved at lower 
pressures, therefore reducing the impact on throughput. It was noted that 
the point at which the concentration difference was greatest, was at 0kPa. 
For this reason, flow rate differentials without an applied pressure were 
investigated. 
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4.1.3 Flow Rate Differential 
4.1.3.1 Model 
The same model as was used to investigate the pressure problem, was also 
used here, however, no pressure was applied to either outlet. The flow rate 
was set at 0.01 m/s for inlet one, whilst it was varied from 0.01 m/s up to 
0.2 m/s for inlet two. 
4.1.3.2 Results and Discussion 
At first glance, the results in Figure 4-5 appear to show that differential flow 
rates provided a solution to the problem, as the concentration of phase two 
increases along with the device throughput, suggesting that reasonably high 
levels of exchange are possible. However, this does not take the initial input 
percentages, of the two phases, into account.  
 
Figure 4-5: Differential flow-rate exchange, showing that the concentration of phase two 
(blue) does not cause a decrease in outlet one flow rate (blue), as it did with the pressure 
driven system. 
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When the inlet two flow rate is significantly higher than the inlet one flow 
rate, the output concentration of phase two will also be higher, irrespective 
of any impact the exchanger architecture may have. To demonstrate this, 
simulations were run without the separator channels, or the secondary 
outlet, to determine how much of the ‘exchange’ was down to the exchanger. 
One such result is shown in Figure 4-6. 
 
Figure 4-6: Rainbow concentration plot on the medium exchanger without separator 
channels. Plot is on an x-y plane taken at 250µm from the top of the channel. Plot shows low 
concentration in blue (phase one) and high concentration in red (phase two). 
The data presented in Table 4-4 shows that the exchanger architecture is 
providing only a slight benefit, and after an initial increase, this slight benefit 
diminishes as the flow rate increases. The fact that the difference initially 
increases with flow rate, suggests that the mismatched flows do encourage 
the liquid to pass through the separator channels. However, to make the 
exchanger worthwhile, this difference needs to be significantly improved. 
Table 4-4: Comparison of simulations with and without the exchanger showing the 
concentration of phase two at outlet one. 
Inlet One 
Flow Rate 
(m/s) 
Inlet Two 
Flow Rate 
(m/s) 
Concentration 
w/ exchanger 
(%) 
Concentration 
w/out 
exchanger 
(%) 
Difference 
due to 
exchanger 
(%) 
0.01 0.02 65.432 63.518 +1.914 
0.01 0.08 88.633 85.353 +3.28 
0.01 0.14 93.154 90.612 +2.542 
0.01 0.2 95.123 92.905 +2.218 
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4.1.4 Shallower Exchanger 
By analysing the simulation results a possible way to improve the device 
was found. It was noted that the position of the separator channels at the 
top of the ‘chip’ meant that liquid was extracted from the top of the main 
flow channel leading to phase two liquid near the top being extracted before 
all of phase one had been extracted. This is illustrated in Figure 4-7. 
 
Figure 4-7: Mismatched flow rates cross-section (0.01:0.08 m/s) demonstrating the 
problem with the separator channels being positioned at the top of the channels. Phase two 
(red) is crossing into the outlet two channel before phase two (blue) has been completely 
extracted. 
To overcome this extraction problem, simulations were carried out with 
channel depths more similar to the depth of the separator channels. 
4.1.4.1 Model 
A channel depth of 150m was chosen as it is very similar to the 130m 
depth of the separator channels, but it was decided that it would not be 
appropriate to have the exact same depth, as the extra depth gives more 
manufacturing tolerance. This is to account for slight machining errors plus 
variation in the power during femtosecond laser ablation. Also, the extra 
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depth to the main flow channel reduced the chance of the laser ablation 
significantly damaging the channel floor as it is farther from the laser focal 
position. The mesh was adjusted slightly to account for the decreased size; 
the minimum element size was lowered to 2.8 x 10-5. All other parameters 
remained as they were in previous models.  
4.1.4.2 Results and Discussion 
The results shown in Figure 4-8 show very clearly, that a shallower 
exchanger offers significantly improved exchange levels.  
 
Figure 4-8: Concentration of phase two at outlet one for both 500m square cross-section 
channels and shallower 150m channels, demonstrating a clear improvement when using 
shallower channels. 
It can also be seen in Table 4-5 that the difference that is attributable to the 
exchanger architecture, is also significant in this case. Again, there are 
diminishing returns, in terms of improving exchange, as the secondary flow 
rate is increased. This is to be expected as the overall exchange is 
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approaching 100%, therefore, there is less room for improvement. These 
results suggest that using differential flow rates is a viable technique to 
achieve high quality exchanges without an applied pressure. 
Table 4-5: Comparison of simulations with and without the exchanger showing the 
concentration of phase two at outlet one. 
Inlet one 
flow rate 
(m/s) 
Inlet Two 
flow rate 
(m/s) 
Concentration 
w/ exchanger 
(%) 
Concentration 
w/out 
exchanger 
(%) 
Difference 
due to 
exchanger 
(%) 
0.01 0.02 93.468 64.92 +28.548 
0.01 0.03 98.442 72.632 +25.81 
0.01 0.04 99.46 77.565 +21.898 
 
4.1.5 Separator Channel Length 
The fluidic resistance equation has a length parameter suggesting that 
reducing the separator channel lengths should reduce said resistance, and as 
such, encourage the fluid to travel down the separator channels more easily. 
4.1.5.1 Model 
The shallow exchanger model was used with the only alteration being that 
Lsep was varied between 100µm and 1 mm, in steps of 100m. Each test was 
performed with an inlet flow ratio of 0.01 to 0.02 m/s for inlets one and two 
respectively. 
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Figure 4-9: Model used to investigate the impact of channel length on the exchanger 
performance. Lsep refers to the length of the separator channels. Lsep was varied from 100µm 
up to 1mm in steps of 100µm. Channel depth is set at 150µm whilst the inlet channels were 
485µm wide and the outlet channels were 500µm wide. 
4.1.5.2 Results and Discussion 
It is clear in Figure 4-10 that shorter separator channels provide a better 
exchange; this is consistent with the previous published work [168]. 
However, other elements are also important and must be considered. Chief 
amongst these is the structural integrity of the channel walls. As these 
channels are not secured at the top when they are fabricated they are quite 
fragile, making them too short would make them even more fragile. For this 
reason 400m was settled on as a suitable length as it provided good 
exchange without significantly weakening the channel structure. 
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Figure 4-10: Impact of separator channel length on exchange, showing that shorter 
separator channels provide a more complete exchange. 
4.1.6 Number of Separator Channels 
In an electronic circuit, a number of equal resistors in parallel will give a 
lower overall resistance than an individual resistor. If the analogy of an 
electronic circuit to fluidic channels is valid, it should, therefore follow, that 
increasing the number of separator channels will lower the overall fluidic 
resistance of the separator channel array, and thus improve the level of 
exchange. 
4.1.6.1 Model 
For this model the shallower channel model was used again, as in the 
separator channel length simulations. The overall length of the device was 
increased to 21.5mm, to allow room for more channels. The flow rate ratio 
used for these simulations was 0.01m/s through both inlets one and two. 
This was chosen as it gave a concentration result with sufficient room for 
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variation; i.e. the result was not too near 100%. The angled wall region of 
the model was shortened, or extended, to match the length of the array of 
separator channels. The number of channels was varied from 0 to 300 in 
steps of 50 channels, with additional simulations at 1, 10 and 25 channels. In 
line with the decision taken in the previous section, the separator channel 
length was 400m. 
4.1.6.2 Results and Discussion 
The results of these simulations, shown in Figure 4-11, suggest that the 
number of channels does have an impact, but it is not hugely influential 
above 50 channels. This is demonstrated by the fact that the full range of the 
results between 50 and 300 is only slightly over 8%. However, the objective 
of these simulations is to achieve the best exchange possible, and therefore, 
200 channels was chosen as this gave the optimal result. It is also worth 
noting that 200 channels will not take up too much space on a microfluidic 
chip, as the array will only be 12mm long (with 30µm separator channel 
widths). These results also show that below 50 channels the impact is 
significant as the exchange drops from 72% at 50 channels to 51% at 1 
channel. This is almost equivalent to no exchange at all as 50% is no 
exchange given that the two phases enter the device at equal concentration. 
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Figure 4-11: Impact of the number of channels on the concentration of phase two at outlet 
one showing that whilst the number of channels does have an impact it is only particularly 
significant below 50 separator channels with a range above this point of only approximately 
8%. Below 50 channels the impact is significant. The optimum number of channels appears 
to be 200. 
The slight decline in performance that is evident after 200 channels is likely 
a result of the average width of the channel on the outlet one side of the 
separator channels increasing. This increased width reduces the fluidic 
resistance of the channel therefore making the fluid less likely to go through 
the separator channels. It appears that beyond 200 channels the decrease in 
fluidic resistance causes a more significant performance reduction than the 
addition of extra channels causes an improvement in performance. 
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4.1.7 Exchanger Architecture 
Simulations were also carried out to investigate a number of different 
adjustments to the shape of the exchanger to search for ways to further 
improve the level of exchange. 
4.1.7.1 Model 
The shallow exchanger model from section 4.1.4 was used as the base model 
for these simulations. The flow ratio used was 0.01m/s to 0.02m/s at inlets 
one and two respectively. The adjustments for each simulation are detailed 
in the results and discussion section. 
4.1.7.2 Results and Discussion 
The results of the various simulations are shown in Table 4-6 along with 
images to give an idea of the changes to the exchanger shape. The models 
are: 
a) Square channel: the narrowing region is replaced with a straight 
channel that narrows at 90 after the separator channels. 
b) Curved square channel: similar to the square channel simulation but 
the narrowing is slightly softened by using a curve. This is to remove 
the region where no flow was present. This was found in the corner 
of the square channel and could potentially act as a ‘trap’ for 
exchanged spheres. 
c) Wide: no narrowing occurs when the two phases are brought 
together. 
d) Positive ellipse: the narrowing region has an elliptical shape rather 
than the straight edge used previously 
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e) Negative ellipse: the ellipse used in the narrowing region curves the 
other way. 
f) Pre-narrowed: the narrowing region occurs before the phases reach 
the separator channels. 
g) Shortened narrowing region: the narrowing occurs at a steeper angle 
and is completed in half the distance of the original model. 
h) Deeper outlet: the channel on the outlet two side of the separator 
channels is deeper. It is a 500m square cross-section channel.  
 
Table 4-6: Models used to investigate changing the exchanger architecture to improve the 
level of exchange. See above for a description of each model. The images show 
concentration plots, on an x-y plane taken at 50µm from the top of the outlet one channel, 
showing the concentration of phase two with 0 (blue) indicating phase one and 1 (red) 
indicating phase two. 
  Model Concentration of 
phase two (%) 
a) 
 
92.3% 
b) 
 
92.4% 
c) 
 
79.2% 
d) 
 
92.9% 
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e) 
 
93.5% 
f) 
 
93.1% 
g) 
 
 
93.8% 
h) 
 
 
99.3% 
 
The results in Table 4-6 show that for the majority of the models tested, the 
impact is insignificant. The results for the concentration of phase two at 
outlet one are only marginally better, or worse, except for the wider channel 
model (c), which offers significantly worse exchange, and the deeper outlet 
model (h), which provides improved exchange. This deeper outlet model 
was further examined by varying the flow rate through inlet one from 0.01 
m/s up to 0.1 m/s. This allowed for a more complete comparison with the 
original shallower exchanger. The results of this comparison are shown in 
Figure 4-12 showing that the deeper outlet exchanger can provide 
significant improvements for inlet two flow rates of 0.04 m/s and under. 
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Figure 4-12: Comparison of the shallow exchanger (blue) and the deeper outlet exchanger 
(red) showing that the deeper outlet exchanger offers greater levels of exchange at lower 
flow rate differentials. 
This improvement can be explained by considering the pressure drop along 
a channel and the fluidic resistance as given by equations 4-2 and 4-4 
respectively. It is clear from the fluidic resistance equation that the channel 
resistance is proportional to the cross-sectional area of the channel. 
Therefore, by making the outlet two channel larger, the channel resistance is 
reduced, therefore, encouraging the liquid to go through the separator 
channels. To confirm this hypothesis, the pressure within the models was 
measured. A line was placed through the centres of the channels on either 
side of the separator channels and pressure data collected along this line, as 
shown in Figure 4-13. This data is presented in Figure 4-14. 
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Figure 4-13: Diagram showing the lines along which pressure data was collected. Pressure 
data was recorded along the red lines, which were positioned in the centre of the channels 
in the z-direction and 250µm away from the separator channels in the y-direction. This was 
done for both the shallow exchanger and the deeper outlet exchanger at flow ratios of 0.01 
m/s to 0.02 m/s. 
 
Figure 4-14: Pressure along the channels on both sides of the separator channels for the 
shallow exchanger and the deeper outlet exchanger showing the pressure drop between the 
two channels is greater with the deeper outlet exchanger than with the shallow exchanger. 
The results in Figure 4-14 show that there is a much greater pressure drop 
between the two channels for the deeper outlet exchanger. This is consistent 
with the reasoning for the improved performance of the deeper outlet 
exchanger when compared with the shallow exchanger. It also explains the 
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poor result of the wide channel simulation (c) as the fluidic resistance will 
be less on the outlet one side of the separator channels. 
The results of the deeper outlet exchanger simulations were further 
examined to try to understand how spheres passing the separator channels 
may behave. The work by Yamada and Seki examined spheres passing a 
series of perpendicular channels and found that the ratio of volumetric flow 
rates through a main channel and branch channels (equivalent of the 
separator channels used here) can be used to predict the size of spheres that 
will pass by an array of perpendicular branch channels without travelling 
down them [132]. They demonstrated that a sphere will not travel down a 
side channel unless the centre of the sphere is within a streamline that is 
going down said side channel. The ratio of flow rates is proportional to the 
partial area of the parabolic flow that will be directed through the main 
channel and the branch channels and thus determines which streamlines 
will continue onwards and which will travel down the side channels. As such 
it should be possible to find the distance (w2) from the junction interface at 
which the crossover between streamlines proceeding onwards and going 
down the side channels occurs. This is illustrated in Figure 4-15. 
 
Figure 4-15: Illustration of the relationship between the flow rate ratios and minimum 
sphere size. Fluid entering at a volumetric flow rate, Q, will split at a ratio of Q1:Q2 between 
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the main channel and a perpendicular branch channel. This ratio can be used to determine 
the width of channel in which flow will travel down the branch channel (w2) and the main 
channel (w1) 
The width of the channel that contains flow that will go down the branch 
channel, w2, allows the minimum sphere size to be calculated as, if the centre 
point of a sphere is farther from the wall than w2, then the sphere should 
proceed past the branch channel. Therefore as long as the sphere radius is 
larger than w2 the spheres should stay in the main channel. This can be seen 
in Figure 4-16. 
 
Figure 4-16: Spheres passing a perpendicular separator channel. Grey region indicates 
streamlines that will follow the separator channel. A) Sphere radius > w2. The centre point 
of the sphere is outside the separator channel streamline so it passes by. B) Sphere radius < 
w2. The centre point of the sphere is within the separator channel streamline so it goes 
down the perpendicular channel. In both cases, the separator channel is wider than the 
sphere diameter. 
The flow rate ratios within the simulations were investigated through the 
use of parameterised surfaces to determine the speed of flow through and 
past a number of the separator channels. Surfaces were placed across the 
entire width immediately after a separator channel and also as a complete 
section of said separator channel (see Figure 4-17). This was done after the 
first channel and then at every 10 channels from 10 – 110 (the last channel 
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in the separator array). The average flow speed through these surfaces was 
then recorded. 
 
Figure 4-17: Positions of the parameterised surfaces that were used to investigate flow 
rate past and through the separator channels. In this case the 10th separator channel is 
being investigated. Surfaces are shown in red. The Q1 surface is placed immediately after 
the channel and covers the complete cross section of the main channel; the average flow 
speed in the x-direction was taken. The Q2 surface is placed within the 10th separator 
channel to create a full cross section of a single channel; the average flow speed in the y-
direction is taken. These results are then used to determine the flow rate ratio between the 
main channel and the separator channel and therefore the minimum sphere size that can be 
expected to travel past the separator channel. Green arrows indicate the direction of flow. 
The flow speed was converted to the volumetric flow rate and then the ratio 
of flows through the main and separator channels was determined. This 
could then be used to determine the minimum sphere diameter that can be 
expected to pass the separator array rather than go through it. The results of 
this analysis for the deeper outlet exchanger are shown in Figure 4-18. In 
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this case the inlet flow rate ratio was 1:3 (inlet one:inlet two) however it 
was found that the result remained the same for all flow rate ratios. This is 
consistent with the findings of Yamada and Seki as they report that the flow 
rate ratio between the investigated channels is proportional to the ratio of 
the channels hydrodynamic resistance, which is not dependent on flow rate 
[132]. The results of this simulation suggest that spheres with a diameter 
greater than 8.3µm should exit through outlet one after the exchange has 
occurred. This is an approximation as it does not take into account that the 
separator channels do not have a uniform width from top to bottom or that 
they do not reach the bottom of the channel. Spheres near the top of the 
main channel that are larger than 8.3µm may be encouraged to go down the 
separator channels as the separator channel is widest at the top, whereas at 
the bottom of the main channel there is no separator channels to go down so 
smaller spheres may travel past. Despite this the results should give a good 
indication of the sphere sizes that may be viable. 
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Figure 4-18: Minimum sphere diameter that will pass by a given separator channel based 
on the ratio of flow past and through said separator channel. Result shown is for the 
simulation of the deeper outlet exchanger run with a 1:3 inlet one to inlet two flow rate 
ratio. 
The minimum sphere diameter that can be used with the medium exchanger 
is dependent on the geometries of the channels and it was found that there 
appeared to be an inverse relationship between the minimum size that can 
be used and the exchange performance of the device. This can be seen in 
Table 4-7. 
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Table 4-7: Comparison of exchanger performance in terms of level of exchange and 
minimum sphere size that can be used with the device. Data appears to show that there is 
an inverse relationship between the quality of exchange and the minimum sphere size that 
can be used. 
Device Exchange at 1:1 Inlet 
flow ratio (%) 
Minimum sphere 
diameter (µm) 
500µm Square Channel 
(section 4.1.3) 
51.4 2 
Shallow Exchanger 
(Section 4.1.4) 
71.6 5.9 
Deeper Outlet Exchanger 
(Section 4.1.6) 
88.7 8.3 
 
It is important to note from Table 4-7  that the minimum sphere size for the 
shallower exchanger and deeper outlet exchanger are different. The 
separator channels and main flow channel have the same geometry in these 
two models meaning that the geometry of the outlet two channel is also 
important in determining the minimum sphere size. This makes the 
prediction of minimum sphere diameter a more complex problem than the 
device reported by Yamada et al. [134].  
4.3 Testing the Exchanger 
Having performed a number of simulations to develop a greater 
understanding of the exchanger, it was necessary to test the exchanger in 
the real world to confirm the validity of the simulations. In order to do this a 
method of quantitative analysis is needed.  
4.3.1 Quantitative analysis using a spectrometer 
By using a dye in one of the phases, it should be possible to analyse the 
percentage of the two phases by shining a light through the liquid and 
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analysing the spectral data. In this case, blue dye is used in one of the 
phases, and a red light emitting diode (LED) is used to shine a light through 
the liquid coming out of the exchanger. By measuring the absorption of the 
light it should be possible to quantify the amount of the blue phase passing 
by the spectrometer, and therefore, the quality of the exchange. 
4.3.1.1 Method 
For these tests it was decided that mineral oil (Sigma, Light Oil, bioreagent) 
would be used for both phases as it is a safe and readily available chemical. 
Although exchanging mineral oil for mineral oil is an unnecessary exchange 
here, it can be used as a way to analyse the exchanger without having to 
consider the interaction of the chemicals in the two phases. Additionally, the 
inclusion of an ingredient into one of the phases could make it a beneficial 
exchange for some applications. The mineral oil should behave in a similar 
manner to any two miscible liquids with similar contact angles. Clear 
mineral oil was used as phase one, whilst phase two was made up of Oil Blue 
N (Sigma, dye content 96%) and mineral oil (0.084g of Oil Blue N per 100ml 
of mineral oil). After mixing, the mineral oil was passed through a coffee 
filter (Sainsbury’s, size 4) to remove any dye powder that had not been 
dissolved; this was to prevent blockages occurring in the separator 
channels. A spectrometer manifold was created to hold the spectrometer 
scope and the microfluidic tube in close proximity. This manifold is shown in 
Figure 4-19. 
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Figure 4-19: Spectrometer manifold. Bolts are placed through the holes in the manifold, 
and fixed in position using nuts, to bring the two sides together thus holding the 
spectrometer and tubing in place. An LED shine light into the manifold and though the 
tubing, as indicated by a dashed arrow. 
This manifold was then placed in a rig that held a red LED at a fixed distance 
from the manifold. The LED was connected to a 150 Ω resistor and a 5V DC 
power supply. Initial tests were carried out using a Y-junction to mix the two 
phases prior to the spectral analysis; the ratio of the two phases was 
controlled via the flow rates of the two branches of the Y-junction. These 
flow rates were controlled using two syringe pumps (World precision 
instrument, AL-1000). The spectral data was analysed using an Ocean Optics 
spectrometer (Maya 2000Pro). Strip chart analysis was performed; this 
records the intensity over time at one specific wavelength (662.11nm). This 
wavelength was selected from a list of possible strip chart analysis 
wavelengths as specified by the SpectraSuite software. This wavelength was 
chosen as it was the wavelength closest to the peak wavelength emitted 
from the LED. 
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Figure 4-20: Initial spectrometer measurement system. Fluid is carried through the 
manifold via Teflon® tubing (I.D 500µm). The manifold and rig ensure that the tubing, 
spectrometer scope and light source are always in the same position relative to each other. 
A red LED powered by a 5V DC power supply is positioned such that the light emitted from 
it will pass through the fluid and tubing before being analysed by the spectrometer. 
4.3.1.2 Results and Discussion 
Initial tests were carried out to evaluate the spectral analysis concept. The 
results of these tests are shown in Figure 4-21. It is clear from this strip 
chart that there are distinct levels of intensity that correlate to the different 
concentrations of phase two. Each step of 10%, from 0% to 100% and back, 
is identifiable and distinct from the previous step. The brief drop at around 
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the 2500s mark is a result of an obstruction passing in between the light and 
the scope. The intensity is a count of photons the spectrometer has detected 
within the integration time. The integration time is analogous to the shutter 
speed in a camera, as it refers to the time over which the sensor absorbs 
light. 
 
Figure 4-21: Strip chart at 662.11nm recording the intensity of the light that was 
transmitted through the liquid. The phases were mixed in steps from 0% phase two up to 
100% phase two and then back to 0% in steps of 10%. The ratios were held at each step for 
5 minutes each step of concentration can be clearly defined in this strip chart. There is dip 
slightly after 2500s, this was caused by an obstruction passing between the light source and 
the spectrometer. 
This result shows that spectral analysis is a viable technique. However, 
there appears to be some variation in the intensity at each step, particularly 
when the ratio of the two phases are more even. The cause of this variation 
could be due to a number of reasons. The first possible cause of the 
interference investigated, was environmental light interference. This was 
done by operating the system with a 50% concentration (both phases at 
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0.05 ml/min) for 10 minutes in regular laboratory conditions, and then a 
further 10 minutes in complete darkness apart from the LED. 
 
Figure 4-22: Measured light intensity during the light interference test. The dashed line 
indicates the point at which the environmental light was switched off. Data to the right of 
the dashed light was collected in darkness apart from the LED. 
The data in Figure 4-22 suggests that background light has little impact on 
the results obtained with the spectrometer. Further evidence of this can be 
found by analysing the data collected before and after the environmental 
light was switched off. By performing a two tailed, two sample T-test on 
these two sets of data it was shown that the difference between the two was 
insignificant (p<0.001). The conclusion can, therefore, be drawn that the 
variation found in Figure 4-21 is not a result of interference from the light in 
the laboratory.  
Further tests were carried out to investigate whether the LED itself was the 
cause of the variation. To this end, the Teflon tubing was removed and the 
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light from the LED was measured for 10 minutes without passing through 
anything. The standard deviation of the LED measurement equates to 
approximately 0.8% suggesting that some of the variation is due to the LED 
and or power supply. The variation cannot be entirely due to the LED 
though as the variation seems to increase when the concentration level is 
around 50%. This suggests that some of the variation is due to the mixing of 
the liquids. It could be possible that the two phases are not completely 
mixed by the time of measurement and that some parallel flow of the phases 
is occurring. If the two phases are flowing side-by-side, in parallel, it could 
explain some variation as a result. The flow pattern, twisting slightly and 
absorbing more or less of the LED light output will alter the measured 
intensity depending exactly on how it has twisted as it passes the 
spectrometer. This is a problem that is unlikely to transfer to the use of the 
full exchanger as the phases will have travelled farther, and also will have 
traversed obstacles such as the 90 turn at the outlet, which will likely 
induce a greater amount of mixing of the two phases. A final test was carried 
out without the LED light source to ensure that there is no inherent 
variation in the spectrometer itself. Running the spectrometer with no light 
source pointed at it yielded a very slight variation with a standard deviation 
of 0.3%. A way to reduce this interference, and also the other causes of 
variation, is to introduce an element of averaging. Using the software it is 
possible to average a number of scans into one data point, therefore 
reducing the interference. 
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4.3.2 Spectrometer Calibration 
Once it was established that a spectrometer could be used to determine the 
concentration of phase two it was necessary to run calibration experiments 
to quantify what intensity equates to what concentration of phase two.  
4.3.2.1 Method 
Pre-mixed concentrations were created in steps of 10% from 0-100% using 
syringes to mix up 10ml of oil to the desired concentration. Prior to mixing 
the extinction coefficient of the dyed mineral oil was measured using a 
spectrophotometer (6405 UV/Vis, Jenway). The mixtures were mixed on a 
Maxi-mix platform (Type 65800) for one and a half hours at a speed of 600. 
The mixtures were then pumped through Teflon tubing and past the 
measurement system and data recorded for 2 minutes. Using the Ocean 
Optics SpectraSuite software certain parameters were set for this and all 
future experiments. The number of scans to average was set to 15 and the 
boxcar width was set to 7. The boxcar width is another type of averaging. 
While the ‘scans to average’ setting determines how many spectral 
acquisitions will be collected before an average is taken, the boxcar width 
sets the area on the sensor over which an average will be taken. Increasing 
these numbers can result in a smoother plot. Before calibration, and all 
future experiments, clear mineral oil was passed through the system and the 
integration time was adjusted to set the 100% phase two point at 60000 
counts. Adjusting the integration time prior to taking measurements 
compensates for any slight variation in the power of the light emitted from 
the LED, from experiment to experiment. The calibration test was 
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performed three times and an average taken. A housing was added around 
the LED to prevent any unwanted obstruction entering the path between the 
LED and the spectrometer scope. For this, and all future exchanger tests, 
phase one was the blue mineral oil, and phase two was clear mineral oil, 
unless otherwise stated. The blue mineral oil was mixed as in previous 
sections. 
 
Figure 4-23: Spectrometer rig with LED housing. Setup is similar to that shown in Figure 
4-20 but an LED housing has been added whilst the LED has been moved closer to the point 
of measurement. The housing was used to prevent any unwanted obstructions coming 
between the light source and the spectrometer scope. 
4.3.2.2 Results and Discussion 
The concentration, cone, of phase one exiting the medium exchanger (as a 
percentage) can be calculated using the Beer-Lambert law, which can be 
stated as [189]: 
Al=εconel     (4-6) 
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Where Al is the light absorption by the medium, l is the path length and ε is 
the extinction coefficient. The extinction coefficient is a constant for a given 
substance that defines how strongly it absorbs light.  It was measured to be 
15.75mol-1m-1 and the path length was the tubing diameter, 0.5mm. Using 
this information it was possible to determine the concentration of phase two 
from the intensity of light that has travelled through the tubing and the oil. 
In order to convert the measured intensity into absorption the following 
equations must be used: 
𝐴𝑙 = − log 𝑇    (4-7) 
where Al is the light absorption and T is the light transmittance, given by 
Beer's law which, in turn states: 
𝑇 =
𝐼
𝐼0
     (4-8) 
where I is the intensity of light recorded by the scope and I0 is the intensity 
of light when no absorption occurs [190]. This should provide a linear 
relationship between absorption and concentration. In reality, linearity 
tends to be lost at high absorption levels [191]. However, it was found that 
the data used in these experiments was within this linear range.  The 
measured intensity of light passing through the oil for each pre-mixed 
concentration of phase one was converted to a concentration using equation 
6-6, the results of this can be seen in Figure 4-24. A trend line was added 
with a 0 intercept and has an R2 value which is very close to one, indicating 
that the trend line is a fair representation of the data. If this technique for 
determining concentration is accurate the gradient of the curve should be 
one, as the x and y quantities should be equal, the graph equation shows that 
this is the case (to three decimal places). 
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Figure 4-24: Confirmation that this technique is valid. Pre-mixed concentrations of phase 
one are measured and plotted against the specified levels. The gradient of 1 suggests the 
technique is accurate. Data is taken from the average of the three calibration tests. Error 
bars represent 95% confidence level. Linear trend line added. 
The concentration percentage of phase two, ctwo, can be calculated by simply 
subtracting the concentration of phase one from one hundred: 
𝑐𝑡𝑤𝑜 = 100 −
𝐴𝑙
𝜀 𝑙
     (4-9) 
4.3.3 500m Square Cross-section Exchanger 
4.3.3.1 Method 
The first exchanger that was tested with the spectrometer had a channel 
cross-section of 500m square; the same as in the ‘Pressure Problem’ 
simulations. Due to a malfunction with the Cardiff University femtosecond 
laser, an alternative laser had to be used to ablate the separator channels. A 
SPIRIT 1040nm femtosecond laser was used at Laser Micromachining 
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Limited. This laser was operated at 0.4W average power at 20 kHz. To ablate 
200 30m wide, 100µm deep channels the laser was operated using the 
following parameters: 
Table 4-8: Laser ablation parameters used to create 30m channels with a SPIRIT 1040nm 
femtosecond laser. 
Parameter Type Value 
No. of Loops 150 
Machining Speed 50 mm/s 
Power Usage 100% 
Wobble Yes, 10m, 197Hz 
 
The No. of loops refers to the number of times that the laser focal point 
ablated the same path. The remaining channels were milled using the same 
techniques detailed previously in section 3.10. The two phases were as used 
in the previous section with phase one as the dyed mineral oil, and phase 
two as the clear mineral oil. The phases were supplied to the exchanger by 
two syringe pumps used to power two glass syringes (20ml syringes). The 
flow rate for phase one was maintained at 1.8ml/hr, which equates to 2 
mm/s. The flow rate of phase two was varied as a ratio of the phase one flow 
rate, up to a 10:1 ratio. The DC power supply was set at 4.5V. The 
experiment was carried out three times and an intensity reading was taken. 
The average of the three results was applied to equation 4-9 to determine 
the concentration of phase two. The integration time for the three 
experiments was 36.9ms, 37ms and 37.3ms ensuring 100% phase two 
equalled 60000 counts. To ensure consistency the tubing length was 
maintained between experiments and the spectrometer was kept at the 
same distance from the exchanger outlet. As with the calibration test the 
4 Phase Exchanger Development 
 133 
data was collected for 2 minutes at each flow rate. Data collection was 
started once the data appeared to be levelling out; this was to remove the 
transition time from the data sets. 
 
Figure 4-25: Experimental setup used to test the exchanger. Two phases are supplied to 
the exchanger via glass syringes driven by pumps. It is clear from this image that one phase 
is blue (the primary phase) and one is clear (the secondary phase). Phase one is extracted 
by the exchanger and exits via outlet two and is collected in the outlet two collection vessel. 
Non-extracted fluids exit through outlet one and pass through the spectrometer 
measurement system before being collected in the outlet one collection vessel. 
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4.3.3.2 Results and Discussion 
The results shown in Figure 4-26 show that a reasonably high level of 
exchange can be achieved using this exchanger. The results also appear to be 
somewhat consistent with the simulation results shown in Figure 4-5 in that 
there are diminishing returns in the improvement to the exchange level that 
is gained from each increase in phase two flow rate. This is shown by the 
similarly flattening curve of the results for both this experiment and the 
simulations. 
 
Figure 4-26: Experimental results showing the concentration of phase two as the phase 
two flow rate is increased by multiples of phase one (1.8ml/hr) (as measured by the 
spectrometer). Showing that the exchange improves as the phase two flow rate increases 
but there are diminishing returns in terms of the exchange performance gained as the flow 
rate increases. Error bars indicate the 95% confidence level. 
The slightly better results obtained here are explained by the use of a 
different material and also the different lengths of the outlets. The scale of 
the error bars at the lower concentration values shows that the problem 
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during calibration tests of variation found when the concentration of phase 
two is closer to 50% is still an issue. However, the error bars are not so large 
as to discount the value of these results. 
It is worth checking the value actually provided by the exchanger 
architecture in these results, by comparing the outlet concentration to the 
inlet concentration. If we take the inlet concentration as the ratio of the two 
flows it is possible to determine the improvement gained by using the 
exchanger. This is shown in Figure 4-27. 
 
Figure 4-27: Performance gained by the exchanger architecture as phase two flow rate is 
increased. Performance gained determined by comparing the relative percentages of the 
two phases at the inlets to the percentages at outlet one. Significant exchange can be 
attributed to the exchanger architecture although diminishing returns are observed as the 
exchange approaches 100%. The initial increase suggests that mismatched flow is a factor 
in ‘driving’ the exchange. 
It is clear from this graph that value in terms of performance gained 
diminishes as the ratio between flow rates increases. This is a result of the 
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exchanger approaching its maximum possible performance level. It is also 
worth noting that the performance gain from the exchanger initially 
increases, which provides more evidence of the value of mismatched flow 
rates as a technique to ‘drive’ the exchange. This initial improvement is 
consistent with the simulation data shown in Table 4-4. 
4.3.4 150m x 500m Cross-section Channels 
The next experiments were performed on the shallower exchanger, as 
simulated in section 4.1.4. 
4.3.4.1 Method 
The chip manufacture process was the same as detailed in the previous 
section. Two flow rate profiles were used; firstly the experiment was run 
with phase one set to 1.8 ml/hr as in the previous experiment. However, this 
equates to an inlet speed of 6.67 mm/s. This is over three times faster than 
the speed used with the 500m square cross-section device therefore the 
experiment was also carried out with a phase one flow rate of 0.54 ml/hr, 
which was equal flow speed used previously, 2 mm/s. In both cases, the 
phase two flow-rate was increased in multiples of the phase one flow-rate 
up to 10x. For the faster flow measurements the integration times were 
36.85 ms, 37.35 ms and 37.2 ms. 
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Figure 4-28: Channel cross-sectional dimensions of shallow channel exchanger. Inlets and 
Outlets (green), two phase flow region (red) and transition region (blue) all created 
through milling. Transition region narrows from 1mm – 500µm. Separator channel array 
created via femtosecond laser ablation, the separator channels had a triangular profile and 
were 30µm wide and 100µm deep. Black arrows indicate the direction of flow. Phase one 
was supplied through inlet one at a constant flow rate, Q1, whilst the phase two flow rate, Q2, 
was varied in multiples of Q1. Both phases delivered via syringe pumps. 
4.3.4.2 Results and Discussion 
Figure 4-29 shows the results of the experiment performed with a faster 
flow speed. It shows that an almost complete exchange can be achieved 
(99.8% at a 10:1 ratio) with this exchanger. The error bars for these results 
are quite large. This could be evidence for the theory of the cause of the 
variation that was postulated during the calibration tests. That the variation 
is partly due to parallel flow profile ‘wobbling’ as it passes the spectrometer. 
At these higher flow speeds there is less opportunity for diffusive mixing of 
the two phases after it has passed the exchanger, meaning that the two 
phases are more likely to remain as two streams running in parallel, as 
opposed to one mixed stream. If the divide between these two streams was 
not perpendicular to the scope, it could potentially let more or less light 
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through, than would be absorbed by the actual concentration level passing 
the sensor.  
 
Figure 4-29: Experimental result of 150m deep channels with inlet one flow rate of 1.8 
ml/hr. Almost complete exchange (99.8%) can be achieved at a 10:1 inlet flow rate ratio 
(inlet two:inlet one), which is a slight improvement on the maximum level achieved using 
the 500µm square cross section channel (98.6%). Error bars indicate 95% confidence level. 
Figure 4-30 shows that the slower flow rate provides significantly better 
exchange at lower flow mismatch ratios, than the faster flow rate. This 
means there is a balance that needs to be struck between throughput and 
quality of exchange. The relative quality of the exchanges is clearer in Figure 
4-31. 
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Figure 4-30: Concentration of phase two measured experimentally plotted against inlet 
flow rate ratio using the shallower exchanger with 150m deep channels. An inlet one flow 
rate of 0.54 ml/hr was used. These results show significantly improved exchange at lower 
flow rate mismatch ratios than when the shallower exchanger was operated with an inlet 
one flow rate of 1.8ml/hr. Error bars indicate 95% confidence level. 
Figure 4-31 illustrates the improved results achieved with the shallower 
exchanger. Even though the shallow exchanger with the faster flow regime, 
offers worse exchange at lower flow ratios, it is still capable of a greater 
maximum exchange level (99.8%) than the 500m square channel device 
(98.6%). This improved performance with a shallower exchanger is 
consistent with the simulation results gained previously. 
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Figure 4-31: Comparative plot of the experimental results of all three experiments; the 
500m square cross-section channels and the fast and slow shallower exchanger tests. This 
highlights the improved performance of the shallower exchanger relative to the 500µm 
square cross-section exchanger. Although the faster flow rate test of the shallower 
exchanger initially offers slightly reduced performance, the maximum achievable exchange 
is still greater. Error bars left off for clarity. 
4.3.5 Deeper Outlet 
Having established that the shallower exchanger provides a more complete 
exchange, much as it did in simulations, the next step was to test the deeper 
outlet exchanger that was simulated in section 4.1.7. 
4.3.5.1 Method 
The chip was manufactured using previously described techniques with 
inlet channel cross-sections of 150µm x 500µm as in the previous section. 
The only difference between this exchanger and the shallower exchanger 
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created in the previous section was that the outlet two channel had 500µm 
square cross-section. 
 
Figure 4-32: Channel cross-sectional dimensions of deeper outlet exchanger. Inlets and 
outlet one (green), outlet two (yellow) two phase flow region (red) and transition region 
(blue) all created through milling. Transition region narrows from 1mm – 500µm. 
Separator channel array created via femtosecond laser ablation, the separator channels had 
a triangular profile and were 30µm wide and 100µm deep. Black arrows indicate the 
direction of flow. Phase one was supplied through inlet one at a constant flow rate, Q1, 
whilst the phase two flow rate, Q2, was varied in multiples of Q1. Both phases delivered via 
syringe pumps. 
The inlet one flow rate was held at 0.54 ml/hr whilst the inlet two flow rate 
was increased in multiples of the inlet one flow rate as the experiment 
progressed. The integration times used for these experiments were 38ms, 
38ms and 36.9ms. 
4.3.5.2 Results and Discussion 
The results shown in Figure 4-33 suggest that a high level of exchange can 
be achieved at a low flow mismatch ratio. However, it should be noted that 
these results do not appear to be significantly better than the results 
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obtained using just the shallow exchanger. This is illustrated in Figure 4-34, 
which shows only a marginal performance improvement from the deeper 
outlet exchanger.  
 
Figure 4-33: Experimental results obtained using the exchanger with the deeper secondary 
outlet. Plotting the measured concentration of phase two against the inlet flow rate ratio. A 
100% exchange is achieved at a flow rate ratio of 5:1 (inlet two:inlet one) 
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Figure 4-34: Comparison of the results of the deeper outlet exchanger and the 150µm deep 
exchanger. The two results are relatively similar with only a slight performance 
improvement achieved with the deeper outlet exchanger. 
An additional test to investigate the usable flow rates with this exchanger 
presented some data to dispute the conclusion that the deeper outlet 
exchanger is no better than the shallower exchanger. In this experiment the 
ratio of the inlet one and inlet two flow rates was maintained at 1:1 as the 
flow rates was increased from 0.54 ml/hr to 5.4 ml/hr (an average flow 
speed of 2 mm/s up to 20 mm/s). The results obtained in this experiment, 
shown in Figure 4-35, represented a minimum exchange of 99.98%. This is 
significantly better than the results obtained in the previous tests of the 
deeper outlet exchanger. There was no obvious reason to explain this 
improved performance. One possible reason for the improvement could be a 
slight blockage of the tubing from outlet one which would increase the 
fluidic resistance differential between outlets one and two, encouraging a 
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greater exchange. It was also noted that the room temperature, as recorded 
with a glass mercury thermometer, was 2C lower than the average room 
temperature during the initial testing of the deeper outlet exchanger. 
Temperature being the cause, would be counter intuitive as a temperature 
increase should lower the viscosity of the liquid and therefore, from 
equation 4-4, also lower the fluidic resistance across the separator channels. 
Despite this it was decided that it would be worthwhile investigating the 
impact temperature has on the level of exchange that is achieved. 
 
Figure 4-35: Measured concentration of phase two plotted against inlet flow rate. Complete 
exchange achieved with a 1:1 inlet flow ratio at various flow rates. A minimum exchange of 
99.98% was achieved, which is in contrast to the results shown in Figure 4-33 suggesting 
greater performance may be possible with the deeper outlet exchanger than previously 
thought. 
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4.3.6 Impact of Temperature on Exchange 
4.3.6.1 Method 
In order to investigate the impact of temperature on the level of exchange it 
was necessary to be able to control the environmental temperature around 
the exchanger device. This was achieved by placing the entire device, chip 
and manifold, into an ice water bath. This ice bath was placed on a hot plate 
(IKA RCT basic) and heated at 60C and the temperature recorded over time 
using a digital thermometer (RS 615-8212). By recording the temperature 
and time it is then possible to match up the data gathered from the 
spectrometer with the temperature. The temperature of the water bath was 
recorded every 3 minutes. The experiment was performed twice; on both 
occasions the flow rate at inlet one was held at 1.8 ml/hr. In experiment one, 
the inlet two flow rate was 2.7 ml/hr whilst in experiment two, the flow rate 
was 1.8 ml/hr. For both experiments the deeper outlet exchanger was used.  
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Figure 4-36: Experimental setup to investigate the impact of temperature on the level of 
exchange. The exchanger is kept in an ice bath, which is gradually heated using a hot plate 
whilst the temperature and level of exchange are recorded. The temperature was measured 
every 3 minutes whilst the level of exchange was monitored continuously. 
 
4.3.6.2 Results and Discussion 
As can be seen in Figure 4-37, the temperature does appear to have an 
impact on the level of exchange that is achieved. The concentration data has 
been time shifted by 630s to account for the delay created by the time 
between exchange and measurement, plus the time taken for the manifold to 
cool to the environmental temperature. In this experiment an approximately 
30C temperature increase causes a less than 3% rise in the concentration of 
phase two. The initial concentration level for this experiment was over 
96.5%. It is, therefore, possible that the only slight increase, is a result of the 
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diminishing returns that occurs at high levels, in the same way that there 
were diminishing returns with mismatched flow rates. 
 
Figure 4-37: Results of investigation of the impact of temperature on the level of exchange. 
Inlet one flow rate 1.8 ml/hr, inlet two flow rate 2.7 ml/hr. Indicates that temperature does 
have an impact on the level of exchange. Due to diminishing returns as the exchange 
approaches 100% there is only a ~3% increase in performance over a 30°C temperature 
increase.  
By operating the device with both inlet flow rates equal (a 1:1 flow ratio), 
the initial concentration level is reduced. This allows for a much greater 
concentration increase. Over a rise of 35C an approximately 13% increase 
in concentration was observed. This can be seen in Figure 4-38. The 
concentration data is time shifted 900s for the same reasons as in the first 
experiment; a longer shift was required this time due to the reduced flow 
rate. 
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Figure 4-38: Investigation of impact of temperature on the level of exchange. Flow rate 
ratio of 1:1 (both inlets at 1.8 ml/hr). A more significant increase is achieved than was 
found previously in Figure 4-37. An improvement in exchange level of approximately 13% 
is achieved over an increase in temperature of 35°C. This supports the theory that the small 
increase found previously was a result of the diminishing returns achieved when exchange 
is close to 100%. 
These experiments suggest that an increase in temperature will provide a 
greater level of exchange; this is as one would expect given the fluidic 
resistance equation (4-4).  These results appear to show that temperature 
was not the reason behind the increased performance shown in Figure 4-35. 
The impact of temperature on the level of medium exchange is likely due to 
the change in viscosity that occurs in liquids as the temperature varies plus 
the thermal expansion, or contraction, of the device and the liquid. Generally 
materials expand as the temperature increases so this should have some 
impact on the fluidic resistance as it relies on the geometry of the channels. 
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The linear thermal expansion can be calculated using the following equation 
[192]: 
∆𝐿 =∝ ∆𝑇𝐿0    (4-10) 
where ΔL is the change in length, α is the thermal expansion coefficient, ΔT is 
the temperature change and L0 is the original length. Similarly, the areal 
expansion can be found by the following: 
∆𝐴 = 2𝛼∆𝑇𝐴0   (4-11) 
Where ΔA is the change in area and A0 is the original area. Using these 
equations, in combination with the fluidic resistance equation, it was 
possible to calculate the theoretical impact temperature change has on the 
fluidic resistance of the separator channels; this is shown in Figure 4-39. The 
thermal expansion coefficient for PTFE is 135 x 10-6 K-1 [193]. 
 
Figure 4-39: Impact of temperature on the fluidic resistance of the separator channels 
based on theoretical calculations showing the change in fluidic resistance as a percentage of 
the fluidic resistance at normal operating conditions (20°C). The changes attributable to 
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both physical expansion and due to changes in viscosity are plotted along with a 
combination of the two. Viscosity appears to have a significantly bigger impact. 
The theoretical drop in fluidic resistance that is shown as temperature 
increases supports the experimental findings of improved exchanger 
performance at warmer temperatures. It is clear that there is an impact from 
both physical expansion and viscosity changes. However, it is also clear that 
the impact of viscosity is significantly greater than the change in fluidic 
resistance that is attributable to physical expansion (or contraction). The 
non-linear nature of viscosity change in fluids means that the temperature 
has less impact at higher temperatures; this is also shown in the 
experimental results where the performance appears to be levelling out 
after approximately 40°C. 
4.3.7 Outlet Channel Length 
The fluidic resistance equation (4-4) is dependent on a number of variables. 
The channel dimensions were tested in sections 4.3.4 and 4.3.5 and viscosity 
was tested in section 4.3.6. This leaves just the channel length to be 
considered. Whilst the length of the separator channels has been 
investigated through simulations, the length of the outlet channels has not 
been. The temperature impact study required a much longer length of 
tubing from outlet one than in previous tests, due to the distance between 
the water bath and the spectrometer measurement system. This provided an 
opportunity to quickly investigate the impact of outlet length on the level of 
exchange. 
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4.3.7.1 Method 
The water bath and hot plate from the temperature experiments were 
removed and the excess tubing was fed through the spectrometer 
measurement system. Whilst recording the spectral data, a length of 0.65m 
was removed from the end of the outlet tubing. The inlet flow rates were set 
at 0.54 ml/hr for both inlets. 
4.3.7.2 Results and Discussion 
The data represented in Figure 4-40 indicates that channel length does have 
an impact on the level of exchange. With the extra 0.65m of outlet one tubing 
length, the level of exchange is held at 100% with a 1:1 inlet flow ratio; this 
drops to ~86% concentration when the tubing is shortened by 0.65m.  
 
Figure 4-40: Concentration level recorded as a length of 0.65m was removed from the 
tubing connected to outlet one. The reduction in the length of the outlet one tubing reduces 
the fluidic resistance through this outlet leading to a reduction in the level of exchange 
achieved. 
84
86
88
90
92
94
96
98
100
102
0 200 400 600 800 1000 1200
C
o
n
ce
n
tr
a
ti
o
n
 o
f 
p
h
a
se
 t
w
o
 (
%
) 
Time (s) 
4 Phase Exchanger Development 
 152 
It is evident from Figure 4-40 that there is a long delay between the change 
occurring and the concentration settling at the final level, this was a 
consistent factor throughout the experiments using the spectrometer 
measure system. This delay is likely due to the parabolic nature of the flow 
at this scale; this means that the oil concentration changes quicker in the 
centre of the channel than it will at the edges, meaning the amount of light 
absorbed will change more slowly than the actual level of exchange will. 
This effect is known as Taylor dispersion [194, 195] and is illustrated in 
Figure 4-41. 
 
Figure 4-41: Illustration of the way parabolic flow could be the cause of the response delay. 
Flow is from left to right. The dashed line indicates the path of light received by the 
spectrometer scope. 1. Dyed oil fills the tubing, absorbing a significant amount of light from 
the LED. 2. Clear oil enters the measurement area but the flow profile means the clear oil 
replaces the dyed oil in the centre first, this reduces the amount of light absorbed. 3. More 
of the dyed oil has been replaced by clear oil further reducing the amount of light absorbed. 
The illustration in Figure 4-41 is a simplification of the measurement 
response delay created by the parabolic flow but it demonstrates that oil at 
the edges of the channel will take longer to be replaced by oil of the new 
concentration level than oil at the centre. Hence, the slow decline in 
4 Phase Exchanger Development 
 153 
measured concentration, despite the almost immediate response to the 
change that can be observed at the actual point of exchange. 
4.3.8 Separator Channel Size 
Whilst the geometry of the main flow channels has been investigated, the 
geometry of separator channels has not been experimentally investigated. 
Simulations were run to investigate the channel length in section 4.1.5 but 
the width and depth have not been considered up until now. Narrower 
channels may be needed to transfer smaller spheres to a secondary phases. 
Due to the limited access to the femtosecond laser at Laser Machining 
Limited, it was not possible to experimentally test both the length of the 
channels and the width/depth. 
4.3.8.1 Method 
The non-separator channels were manufactured using the same milling 
procedures used previously (section 3.10). Two chips were made, one using 
20m separator channels, and one with 10m separator channels. The 
narrowing region of the exchanger chip was shortened to match the length 
of an array of 200 channels of these given widths. The distance between 
each ablation line was set at 43m, and 21µm, for the 20µm, and 10µm 
arrays, respectively. These gaps were used to maintain the ratio of the 
separator channel width to the gap between each separator channel as was 
used for the 30µm wide separator channel array. The separator channels 
were ablated using the same SPIRIT 1040nm femtosecond laser, as was used 
to ablate the 30m wide channels. It was operated at 20 kHz yielding a 
power output of 0.4W. The parameters used were:  
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Table 4-9: Laser ablation parameters employed to create 20m wide channels. 
Parameter Type Value 
No. of Loops 100 
Machining Speed 10 mm/s 
Power Usage 100% 
Wobble No 
 
Table 4-10: Laser ablation parameters employed to create 10m wide channels. 
Parameter Type Value 
No. of Loops 100 
Machining Speed 200 mm/s 
Power Usage 60% 
Wobble No 
 
Using these parameters, the 20m and 10m wide channels were 60m and 
30m deep respectively. The inlet one flow rate was set at the 2mm/s speed 
used in the previous tests. The experimental setup, including tubing length, 
was as in the experiments prior to the temperature tests. 
4.3.8.2 Results and Discussion 
The results shown in Figure 4-42 show that a complete exchange is possible 
with the narrower 20m wide channels. 
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Figure 4-42: Measured concentration levels plotted against inlet flow rate ratio using 
exchanger with 20m wide separator channels. Inlet and outlet channel depths were 
150µm. Almost complete exchange was achieved at and above 4:1 flow rate ratios (inlet 
two:inlet one). 
To get a clearer understanding of the impact of the narrower channels, it is 
necessary to compare these results to those achieved with 30m channels. 
Using the slower flow results in section 4.3.4, this is possible as the flow-rate 
and main channel geometries are equal (excluding the narrowing region). 
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Figure 4-43: Comparison of results for the 20m and 30m wide separator channels. Both 
with inlet one flow rates of 0.54 ml/hr. Shows that the maximum achievable exchange is 
still approximately the same but the level of exchange possible at lower flow rate 
mismatches is greater with wider separator channels.  
This comparison, shown in Figure 4-43, indicates that the 30m wide 
channels offer much greater performance at lower flow mismatches, but 
both are able to achieve near full exchange. This reduced performance is as 
one would expect, as the smaller separator channels increase the fluidic 
resistance, and therefore, the primary phase requires more ‘encouragement’ 
to go down the separator channels. 
Tests with the 10m wide separator channels yielded no exchange even at a 
10:1 inlet flow ratio. This shows that there is a limit to the size of separator 
channels with these conditions, it may be possible to achieve an exchange 
using 10m wide channels if the exchanger design parameters are adjusted 
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based on the results of previous experiments (i.e. deeper outlet channel, 
longer outlet channel etc.) or when using fluids that wet the surface of PTFE 
more readily than mineral oil. 
4.4 Overview 
These simulations and experiments have shown that there are many design 
parameters to consider when designing the phases exchanger. These include 
the: 
 Main flow channel depth – If this depth is close to the depth of the 
separator channel then the exchange is greater. 
 Separator channel cross-section – Smaller channels provide lesser 
exchanges. 
 Separator channel length – Shorter channels offer higher levels of 
exchange. 
 Outlet channel depth – If the outlet two channel is deeper than the 
main flow channel (the outlet one channel) then higher levels of 
exchange can be achieved. 
 Outlet channel lengths – Longer tubing attached to outlet one 
promotes more complete exchanges. 
 Flow rate mismatch – The ratio of flow through inlets one and two is 
the foundation of the operation of this medium exchanger. Greater 
flow through inlet two drives an improvement in the level of 
exchange. 
 Number of separator channels – There appears to be a peak exchange 
level at 200 channels. 
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 Operational temperature – The exchanger performs better in warmer 
environments. 
These findings can be used to optimise an exchanger for a specific 
application, two possible applications are covered in the following sections 
although due to limited access to the femtosecond laser the exchanger could 
not be fully optimised for these applications. 
4.5 Buffer Region 
Having established how the exchanger works it was then necessary to test 
some possible uses of the exchanger. The first possible application for the 
exchanger was found from another project being carried out by a colleague, 
in our shared laboratory.  The concept of that project was to encapsulate 
stem cells within microfluidic alginate droplets. To achieve this, an alginate 
and calcium carbonate solution was used to create droplets in mineral oil 
infused with glacial acetic acid. The acidic oil would initiate curing in the 
calcium carbonate, thereby, solidifying, or gelling, the droplets. A problem 
with the design was that the acid would gradually diffuse up the inlets 
causing an eventual blockage of the inlet channels. By using the exchanger it 
should be possible to create a buffer region between the creation of the 
spheres and the curing of the spheres. 
4.5.1 Method 
To create a buffer region, the spheres were formed in mineral oil without 
any acid added. The mineral oil, dyed with Oil Blue N, of previous 
experiments, was used. A flow-focusing device was used to create the 
droplets. The droplet was then transferred into the acid-infused mineral oil, 
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via the medium exchanger, allowing the spheres to cure. The alginate 
solution was created by adding 0.075g of calcium carbonate (CaCO3) to 10ml 
of deionised water. This was then sonicated (Kerry) for 1 hour before 0.2g of 
alginic acid sodium salt (Sigma) was added. A magnetic stirrer and hot plate 
(IKA RCT basic) was then used to stir the solution for 30 minutes whilst it 
was heated to 45C. Red food colouring (Silver spoon, cakecraft) was added 
to the solution to make it more visible. The acidic oil was made by adding 
500l of glacial acetic acid (Sigma) to 100ml of mineral oil. The mineral oil 
inlet flow rates were set to 0.6 ml/hr each. The alginate solution inlet flow 
rate was 0.07 ml/hr and the acid-infused oil flow rate was set to 4.8 ml/hr. 
The spectrometer measurement system was used as previously (section 0) 
with an integration time of 37.1ms. 
 
Figure 4-44: Channel cross-sectional dimensions of deeper outlet exchanger. Inlets and 
outlets (green), two phase flow region (red) and transition region (blue) all created through 
milling. There is a narrowing of the channel width to 200µm at the flow focusing junction. 
Transition region narrows from 1mm – 500µm. Separator channel array created via 
femtosecond laser ablation, each channel had a triangular profile and was 30µm wide and 
100µm deep. Black arrows indicate the direction of flow. Droplets are made in mineral oil at 
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the flow focusing junction, the exchanger is then used to transfer the droplets into a mineral 
oil containing acetic acid, which initiates droplet curing. 
4.5.2 Results and Discussion 
Figure 4-45 shows the droplets of alginate solution transferring between the 
two phases suggesting that this technique could be used effectively, 
although a full exchange is not achieved. 
 
 
Figure 4-45: Photomicrograph of an alginate sphere (red) being transferred from mineral 
oil without glacial acetic acid (blue) to mineral oil containing the acid (clear). Flow is from 
left to right. 
That the exchange is not complete is further evidenced by the data shown in 
Figure 4-46, which shows that a reasonably consistent exchange level of 
approximately 90% can be maintained whilst transferring the spheres 
between phases. 
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Figure 4-46: Concentration of phase two recorded over time gathered during the buffer 
region test showing a reasonably consistent exchange of approximately 90%. Each dip in 
concentration correlates to a sphere passing the spectrometer. 
Figure 4-46 shows cured spheres indicating that the acid in phase two can 
effectively cure the spheres after an exchange has occurred.  
 
Figure 4-47: Cured alginate spheres created on chip in acid free mineral oil before being 
transferred into mineral oil containing glacial acetic acid by the medium exchanger. The 
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acid initiated curing of the spheres. Some debris has adhered to the spheres during the 
handling process whilst imaging. 
There was an occasional problem with sphere blockages at the outlet, this is 
a problem that was also encountered in the sphere production experiments 
detailed in section 3.7. This is not a problem with the exchanger itself, but 
with the overall manifold. Additionally, as mentioned previously, this 
problem has been overcome by a colleague, using an in line outlet. There 
were no instances of the inlets becoming blocked, suggesting that using the 
exchanger to create a buffer region, is an effective technique. 
4.6 Sphere Cleaning 
Another possible use is cleaning spheres by the removal of surfactants from 
sphere suspensions. This is usually achieved using a centrifuge, separately 
from any microfluidic process. Therefore, being able to perform a cleaning 
process on-chip, would be advantageous. 
4.6.1 Method 
A deionised water based solution was created using 10ml of DI water with 
3.5% tween 20 (w/w) and 1% cochineal red food colouring (w/w). 
Approximately 105-125m diameter polystyrene spheres were added to 
this solution at a concentration of ~1 x 106 spheres per ml. This solution 
was phase one. Phase two was purely deionised water. The deeper outlet 
exchanger was used with an inlet one flow rate of 10 ml/hr and an inlet two 
flow rate of 40 ml/hr. 
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4.6.2 Results and Discussion 
A purely optical examination of the output from the two outlets suggests 
that exchange of these two phases is viable, as shown in Figure 4-48 and 
Figure 4-49. 
 
Figure 4-48: Photomicrograph of an exchange. Deionised water containing surfactant and 
red dye is exchanged for deionised water that is surfactant free. Water containing 
surfactant is extracted through the separator channels whilst surfactant free water replaces 
it. Flow from left to right as indicated by the arrows highlighting the surfactant water and 
the surfactant free ‘clean’ water. A dashed line was added to indicate the channel boundary. 
Little evidence was gathered of the spheres crossing between the two 
phases and there were very few spheres collected in the collection vessels. 
There did not appear to be to any blockages occurring at the exchanger. The 
problem appeared to be due to a difficulty in getting the spheres to be 
carried onto the chip itself. This, once again, appeared to be a problem with 
the manifold or tubing rather than the exchanger as many other works [79, 
122, 149] have successfully introduced spheres onto chips without any 
problems. Although this experiment did not prove that spheres could be 
cleaned using the exchanger, there was some evidence that it could be 
possible with an improved manifold design. Supporting evidence as to why 
blockages may have occurred can be found in the work by Sharp and Adrian, 
which investigated particle blockages in microtubes [196]. They reported 
that blockages caused by spheres ‘jamming’ together and arching across the 
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channel were more likely when the sphere width was 0.3-0.4 times the 
tubing diameter. In this experiment the spheres are approximately 0.23-0.25 
the sphere diameter, which is just outside of this range. However, the 
reported blockages were found at very low volume concentrations of 
spheres (less than 1%). The reported concentration is significantly lower 
than the volume concentration used in this sphere cleaning experiment 
(approximately 80%) and it has been stated by Sharp and Adrian that 
blockages by arching can also occur for smaller spheres at higher 
concentrations. It was also found that blunt inlets were more liable to 
blockages. The combination of relatively large spheres, high volume 
concentration and blunt inlets makes it highly likely that a blockage 
occurred in or before the tubing prior to entering the exchanger chip.  Due 
to time constraints it was not possible to perform this experiment again but 
further attempts to clean spheres should be performed with smaller spheres 
and a lower volume concentration. 
 
Figure 4-49: Fluid collected from outlets one (right) and two (left) after the exchange of 
deionised water containing surfactant and red dye for surfactant free deionised water. The 
water collected from outlet one was almost completely clear suggesting a high level of 
exchange was achieved. 
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4.7 Future Work 
Future development of the phase exchanger should be focused on 
optimising the various design parameters for a specific use. Once the 
geometries have been optimised for a specific application it should be 
possible to achieve higher throughputs. Additionally, the experiments have 
shown there is a requirement for a new manifold design. It is likely that the 
phase exchanger would benefit from a manifold design that allowed for 
inlets and outlets that come in, or out, of the side of the manifold. This would 
prevent the problems that seem to be associated with the perpendicular 
inlets and outlets, which appear to increase the chances of blockages 
occurring. Creating a new manifold should also allow spheres to be 
introduced more readily allowing the exchanger to be tested with a greater 
number of applications. 
Exploring other potential uses and examining what liquids can be exchanged 
could also potentially be a worthwhile avenue of investigation. 
4.8 Conclusion 
This chapter has greatly expanded the understanding of how the exchanger 
works. Through simulation and experimentation the problem whereby 
pressure on the outlet one channel would cause the throughput to drop 
significantly has been overcome via the use of inlet flow rate mismatches. 
This technique of increasing the flow through inlet two such that it is greater 
than through inlet one has been demonstrated as a way to drive the 
exchange. Further investigation has shown that there are many ways to 
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improve the level of exchange that is achieved, a summary of these 
adaptations can be found in section 4.4. 
Based on the results of the simulations and experiments in this chapter it is 
possible to form an approximately ‘ideal’ exchanger. If the ‘ideal’ exchanger 
is defined as the exchanger that provides the most complete exchange at a 
low flow rate mismatch then the ‘ideal’ exchanger would have separator 
channels approximately as deep as the main flow channel with a 
significantly deeper outlet two channel. The device would have 200 
separator channels and they would be as short as possible (whilst 
maintaining mechanical strength). Higher levels of exchange can also be 
achieved by using long outlet one tubing and operating the device in a warm 
environment. Wider separator channels can also be used to achieve greater 
exchange. It should be noted that all the previously mentioned conditions 
for an ‘ideal’ exchanger must also be weighed against the sphere size being 
used in the device as it was shown in section 4.1.6 that the minimum sphere 
size that is exchangeable increases with the devices that offer improved 
performance based on their geometry. As such, when considering very small 
spheres, it may be necessary to employ a somewhat less than ideal 
exchanger with a greater flow rate mismatch to achieve a complete 
exchange without losing spheres through outlet two. 
Most previous medium exchangers have used active transport to ‘push’ or 
‘pull’ the spheres from one phase to the other [50, 64, 65] meaning that this 
exchanger has an advantage due to its simplicity. The only similar passive 
exchanger is the exchanger created by Yamada et al which was able to 
achieve 99% exchange at similar inlet flow rates as used in these 
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experiments (1.8 ml/hr), however the smaller channels used by Yamada et 
al. mean that this relates to a faster flow velocity (~0.48 m/s) [134]. 
Although both exchangers seem to employ hydrodynamic filtration, and rely 
on the principle of fluidic resistance, the design considerations are quite 
different. In the Yamada exchanger, the side channels (equivalent of the 
separator channels) have the same cross-section as the main flow-channels, 
meaning efforts have to be made to discourage the liquid from passing down 
these channels by significantly increasing their length. Conversely, in the 
exchanger presented here, the liquid has to be encouraged to travel down 
the separator channels. The ease at which the liquid travels down the side 
channels in the Yamada exchanger means that high flow rates down the 
side-channels are achieved with ease. This is detrimental, as it will cause a 
greater number of spheres to travel down these channels due to the 
Zweifach-Fung effect. This suggests that the exchanger presented here, 
could be capable of working with greater throughput. 
The medium exchanger presented here, has not been shown to improve the 
manufacture of silica spheres, as the throughput is too low to be used on an 
industrial manufacturing scale. Additionally, the medium exchange required 
in the manufacture of silica spheres requires acetone to be the secondary 
phase. The low contact angle of acetone would, most likely, present a 
problem, as it would travel down the separator channels more readily than 
the water present in the primary phase. This would mean that medium 
exchange would not be possible. It has, however, been shown to have 
alternative uses. The exchange of a surfactant-water solution for water that 
is surfactant free suggests that with some adaptation this device should be 
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capable of cleaning spheres. Additionally it has been demonstrated that the 
exchanger can be used to create a buffer region between droplet creation 
and curing to prevent inlet channel blockages. 
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5 Inertial Sorting of Microspheres 
The original objective of this project was to find ways to improve the 
manufacture of silica spheres for use in chromatographic columns. One area 
of improvement that was identified was improving the monodispersity of 
the spheres. When the spheres are manufactured there is a bell curve 
distribution to the sphere diameters. Therefore, an element of size-based 
sorting is required. Currently, sorting is based on the mass of individual 
spheres, which is an accurate technique, but can cause some sorting errors if 
there is a variation in the densities of the spheres. As such, this chapter is 
focused on the development of a density-independent sorting technique. 
5.1 Why does size matter? 
In chromatography columns, maximising surface area is a key driving factor, 
as increased surface area leads to increased absorption of the target 
chemical. As such, greater monodispersity is desirable as this allows greater 
packing of the spheres, with less wasted space in the column, and therefore, 
more spheres per given volume. Sphere size is also important for many 
other industrial applications. Larger spheres will typically flow in liquid 
more easily, whilst powders in the range of 2-5µm will aerosolise more 
easily, and could therefore become lodged in lungs, this highlights that 
accurate sizing is a safety issue as well as a practical one. Size sorting is also 
important to assess the effectiveness of size reduction techniques, such as 
crushing or emulsification, or sphere growth techniques like crystallization 
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and granulation. Some more industrial examples where sphere size is 
important are [197]: 
 cocoa powder manufacture – affects colour and flavour 
 glass spheres in road paint – impacts reflectivity 
 cement particles – affects hydration rate and strength 
 size of active ingredients in pharmaceuticals –dissolution/absorption 
rates. 
5.2 Current Size Analysis Techniques 
Currently, some common industrial techniques for size analysis include 
[197]: 
 Laser diffraction – Exploits the fact that light scatters differently off 
differently sized spheres. 
 Dynamic light scattering technique – Measures the light scattering 
effects that arise from the Brownian motion of particles in a 
suspension. 
 Image analysis – Direct optical measurement of the spheres. 
 Acoustic spectroscopy – Measures the attenuation caused by the 
acoustic waves scattering off the spheres. Amount of attenuation is 
related to sphere size. 
 Gravitational – Sedimentation is used to separate spheres based on 
their size, shape or density. Currently ThermoFisher Scientific use a 
gravity based technique. 
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Whilst these techniques are well established and can offer impressive 
accuracy, the equipment necessary to perform these measurements is often 
bulky and expensive. 
Microfluidics can be used to sort spheres on a significantly smaller scale, 
drastically reducing the cost and space required. Various microfluidic 
sorting techniques were reviewed in chapter 2. Due to their simplicity and 
effectiveness it was decided that the use of inertial lift force based 
techniques would be the focus of this chapter. 
5.3 Tuneable Inertial Sorting 
As previously discussed in chapter 2, the parabolic nature of flow within a 
microfluidic channel causes an inertial lift force to be induced across a 
sphere that is carried by said flow. This force is a result of the mismatch of 
the flow speeds on either side of the sphere. A more in depth description of 
this phenomenon can be found in section 2.2.4. Inertial sorting techniques 
have proven to be capable of being undertaken with reasonably high 
precision and throughput, whilst using very simple devices.  
When designing an inertial sorting device, there are a number of parameters 
that must be considered. Firstly, it has been established that the following 
expression can be used to indicate whether inertial sorting is viable [147, 
152, 198]: 
𝑎
𝐷ℎ
> 0.07     (5-1) 
as, the inertial force is weak below this value and will therefore require high 
flow rates or very long channels. Where a is the particle diameter and Dh is 
the hydraulic diameter. It is also important to have a high aspect ratio 
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(ideally aspect ratio ≥ 2) as this ensures that there are only two equilibrium 
positions. These equilibrium positions are at the centre of the sidewalls in 
the z-plane. This occurs as a result of the wall-induced forces that act on a 
sphere as it approaches the channel wall. These wall induced forces are 
minimised at the centre of the longest wall as it is the point at which the 
cumulative forces of the walls is weakest due to the distance from the 
shorter walls [199]. In rectangular channels the hydraulic diameter can be 
approximated as the characteristic length, which is the narrowest 
dimension. In high aspect-ratio channels the characteristic length is the 
channel width.  
In order to determine how long the channel should be, it is necessary to 
understand the lateral migration velocity of the spheres. This can be found 
by considering the inertial lift force, Fz, exerted on the sphere[147]: 
𝐹𝑧 =
𝜌𝑈𝑚
2𝑎4
𝐷ℎ
2 𝑓𝑐(𝑅𝑒𝑐, 𝑤)    (5-2) 
where fc is the lift coefficient (as a function of channel width, w, and channel 
Reynolds number, Rec), Um is the maximum flow velocity and ρ is the fluid 
density.  If it is assumed that the inertial lift force balances with the stokes 
drag force, Fs, then it is possible to find the migration velocity, Up, as: 
𝐹𝑧 = 𝐹𝑠     (5-3) 
𝜌𝑈𝑚
2𝑎4
𝐷ℎ
2 𝑓𝑐(𝑅𝑒𝑐, 𝑤) = 3𝜋𝜇𝑎𝑈𝑝 
𝑈𝑝 =
𝜌𝑈𝑚
2𝑎3
3𝜋𝜇𝐷ℎ
2 𝑓𝑐(𝑅𝑒𝑐, 𝑤)    (5-4) 
where µ is the dynamic viscosity of the fluid. As both the lateral migration 
velocity and the maximum flow velocity are known quantities, it is then 
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possible to determine how long the channel needs to be for full migration to 
occur. The equilibrium position is between 0.1 and 0.2 times the width of 
the channel, from the channel wall, therefore, the maximum migration 
distance, Lp, can be considered to be 0.4w [149]. Additionally, the lift 
coefficient can be approximated as 0.5 assuming Re < 100. Hence the 
minimum channel length, L, is: 
𝐿 =
𝑈𝑚𝐿𝑝
𝑈𝑝
=
2.4𝑤3𝜋𝜇
𝑈𝑚𝑎3𝜌
     (5-5) 
From these equations the required channel dimensions were calculated for 
1.9µm, 3µm, 5µm, 8µm and 12µm silica spheres if the channel length is set to 
40mm and the spheres are assumed to be neutrally buoyant with Um set at 
0.25m/s. These sphere sizes were the average batch sizes of silica spheres 
supplied by ThermoFisher Scientific for sorting. The channel cross sections 
are shown in Table 5-1. 
Table 5-1: Calculated channel dimensions for a given sphere size. Channel width is rounded 
down to the nearest micrometre. Channel height is determined by doubling the channel 
width. 
Sphere Diameter Channel Width Channel Height 
1.9µm ≤26µm ≥52µm 
3µm ≤41µm ≥82µm 
5µm ≤69µm ≥138µm 
8µm ≤110µm ≥220µm 
12µm ≤166µm ≥332µm 
 
There is one significant drawback with previous inertial sorting techniques. 
That is, that they have very little ‘tuning’ capacity, and, therefore, must be 
designed for a specific particle size. Some tuning can be achieved by altering 
the flow rate.  For example based on equation 5-5, a 40µm wide, 40mm long, 
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channel with an aspect ratio of 2 should be capable of focusing 8µm (and 
above) polystyrene spheres in water at a flow speed of 0.024 m/s, whilst at 
a flow rate of 0.45 m/s it should be capable of sorting spheres as small as 
3µm. This increased flow rate would result in a pressure increase by a factor 
greater than 18 when focusing 3µm spheres. Additionally, the 8µm spheres 
would be relatively large in comparison to the channel width, meaning that 
particle interactions could cause spheres to exit through the wrong outlet 
more readily. The problem with this increased pressure is illustrated in 
Figure 5-1. Using equation 5-5 along with the Hagen-Poiseuille equation (4-
2) it is possible to calculate the pressure within a channel at the flow rate 
necessary to focus spheres in a 40mm long channel. This is shown for two 
channel widths, 130µm and 200µm. It is clear that, for spheres smaller than 
6µm in the 200µm wide channel the necessary flow speeds will exceed the 
300kPa bond strength of plasma bonded PDMS [200]. This is not the case for 
the 130µm wide device. 
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Figure 5-1: Plot of the pressure within a channel when the flow rate is pushed high enough 
to focus a sphere within a 40mm long channel. Shows plots for both 130µm and 200µm 
wide channels along with a line representing the bond strength of a PDMS device created 
using plasma bonding (300kPa) [200]. Shows that a 200µm wide, 40mm long channel 
would be unable to focus spheres below 6µm without damaging the device whereas a 
narrower device could sort spheres down to 1µm without damaging the device. The 
pressure is plotted on a logarithmic scale. 
Deformation of the device would allow the channel geometry to be changed 
to a more appropriate size for the desired sphere size therefore removing 
the problem of either experiencing very high pressure or increased chance 
of blockages. As such, it would be highly advantageous if a device could be 
created, the size-sorting functionality of which, could be dynamically tuned 
to specific sphere sizes. 
Typically, inertial sorting devices have been made by bonding a layer of 
cured polydimethylsiloxane (PDMS) to a sheet of glass. By instead bonding 
two layers of PDMS it should be possible to create a flexible device that can 
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be manipulated to alter the channel geometry and, therefore, the size of 
spheres that are focused. Clearly, if the device can be deformed such that the 
channel width is able to transition through the intervals shown in Table 5-1 
it should be possible to ‘tune’ which spheres are focused, and which are not. 
5.4 Device Design 
By positioning outlets correctly it should be possible to remove the focused 
spheres through two side outlets whilst taking the majority of the unfocused 
spheres through a central outlet. If the side outlets are each one quarter of 
the width of the channel, it should mean that focused and unfocused spheres 
can exit though these channels, whilst the central outlet will have 
exclusively unfocused spheres travelling through it. The outlets are 
illustrated in Figure 5-2. 
 
Figure 5-2: Outlets for an inertial tuning device. The side outlets are quarter of the width of 
the channel whilst the central outlet is half the width. Focused and unfocused spheres will 
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leave through the side outlets, whereas only unfocused spheres should exit through the 
central outlet. 
Using the information in Table 5-1 it was determined that the channel width 
should be 80µm as this should focus two out of five sphere sizes and would 
require only a small narrowing to include smaller spheres. When operating 
at a suitable flow rate, the 8µm and 12µm spheres should exit exclusively 
through the side outlets. Therefore, by collecting spheres from the central 
outlet, the smaller spheres will have been selectively filtered over the larger 
spheres.  The side outlets would have a mixture of all sphere sizes.  A 
channel length of 40mm was chosen as this should allow 8m and 12m 
spheres to focus at a flow rate of 0.1m/s without any compression. The 
properties of the carrier liquid were set as µ=1x10-3 Pa.s and ρ=2000 kg/m3. 
This viscosity estimate was used as this is the viscosity of water and the 
carrier solution was water based. The density was set at this value to ensure 
neutral buoyancy of spheres. 
To improve the performance of the device a widening of the channel was 
included after focusing had occurred to increase the distance between the 
focused stream and the centre of the channel. This has been used previously, 
in several other sorters [156, 159]. 
5.5 Deformation Modelling 
In order to investigate the feasibility of a tuneable microfluidic device it was 
decided that COMSOL Multiphysics simulations should be performed to 
determine how a straight channel would be affected when a flexible PDMS 
device is subjected to some form of deformation. Models were created to 
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simulate stretching the device in parallel to the channel and also 
perpendicular to the channel. Additionally, perpendicular compression was 
simulated. 
5.5.1 Parallel Stretching 
If the device is stretched along the length of the channel it should be 
expected that the cross-section of the channel would be decreased much like 
the width of a rubber band is reduced when it is stretched. This was 
examined in this section using COMSOL Multiphysics. 
5.5.1.1 Model Parameters 
A previously created mould determined the model geometry. The mould 
was created using SU-8 spun on to a silicon wafer. For details of the mould 
production see section 5.10. This defined the dimensions of the inertial 
sorting region of the channel as 80µm wide and 140µm deep.  
 
Figure 5-3: Illustration of the channels modelled in COMSOL Multiphysics simulations to 
investigate the impact of device deformation. A) 3D illustration of the channels that were 
simulated, in the simulation these channels were represented by a void in a block of PDMS. 
The void was in the shape shown here. Measurements of the extent of deformation were 
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taken along the length of the sphere focusing region. This region was 40mm long and had 
cross sectional dimensions as shown (80x140µm). B) The same illustration of the channels 
but viewed from above (on the xy-plane).  
The channel in this model was represented as a void within a block of PDMS. 
The block was 57.5mm long, 10mm wide and 4mm deep. The block and the 
channel void within were then cut in half, parallel to the longest dimension 
of the channel, to allow a symmetry plane to be used to reduce simulation 
time. The material properties of the block are defined in Table 8.2. The 
Young’s modulus is a measure of the material stiffness whilst the Poission’s 
ratio indicates the extent of transverse contraction that will occur when a 
material is stretch (or expansion if it is compressed). 
Table 5-2: PDMS Material Properties used in COMSOL model to investigate the impact on 
channel dimensions when the device is deformed [201]. For PDMS mixed at a 10:1 elast to 
curing agent ratio. 
Property Value 
Young’s Modulus 7.5x105 Pa 
Poisson’s Ratio 0.499 
Density 920 kg/m3 
 
The Poission’s ratio was stated as 0.5 for PDMS but this causes a singularity 
in the simulation so it was defined as 0.499. This approximation has been 
used previously for simulations [202]. The position of the channel was 
located centrally within the block, but simulations were run that showed 
that the position of the channel in the z-plane had negligible impact on the 
channel dimensions after stretching. The same was also true when the depth 
of the PDMS block was varied. 
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The model used the ‘Solid Mechanics’ physics module and the material was 
defined as a linear elastic material. The solid mechanics module solves for 
the displacement field and computes the total strain tensor from the 
displacement gradient. Stresses are then found from the strain using 
Hooke’s law for continuous media. A prescribed displacement was applied 
to the ends of the PDMS block such that the device was stretched from 0-
8mm in intervals of 1mm. This displacement was applied in a manner that 
represented the block being held between two plates. This is shown in 
Figure 5-4. The prescribed displacement was applied equally in each 
direction along the x-plane. The cross-section through the middle of the 
block can also be seen in this figure.  
 
Figure 5-4: COMSOL model highlighting the faces that were given a prescribed 
displacement in blue. Prescribed displacements were used to simulate the device being 
stretched along the length of the channel, a described displacement means the highlighted 
area is moved by a defined distance. At the inlet, the top and bottom of the device was given 
a prescribed displacement of –x (-4-0mm), with the displacement in the y and z directions 
set to 0. Similarly, the outlets end of the device was given an equal but positive 
displacement of +x (0-4mm), again with 0 displacements for y and z. These displacements at 
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each end of the device simulated the device being stretched in both directions in the x-
dimension about the centre of the device. 
The mesh was created using the pre-defined COMSOL extra-fine physics-
controlled mesh setting. The default MUMPS direct solver was used. 
Measurements of displacement of the channel were taken along the corner 
edges of the focusing region of the channel; i.e. where the side-walls meet 
the top and bottom of the channel. This is shown in Figure 5-5. Displacement 
data in the x, y and z planes was exported from COMSOL for analysis. 
 
Figure 5-5: Illustration of where data was collected within the channel. Data was collected 
along the length of the channel at the edges that join the side wall to the top and bottom of 
the channel. These edges are highlighted in red. The amount of displacement in each of the 
three dimensions was recorded along these edges. The illustration shows half the channel 
as there is a symmetry plane (shaded); this was also the case in the COMSOL model. 
5.5.1.2 Results and Discussion 
The stretching of the device along the length of the channel can be seen in 
Figure 5-6. Although the primary purpose of these simulations was to 
examine the extent and nature of the stretching it is still useful to observe 
the extent of the stress that the device is being placed under as excessive 
stress could cause the device to be damaged. Previous work has determined 
that the tensile strength of PDMS mixed at a 10:1 elastomer-to-curing agent 
ratio is approximately 8 x 106 N/m2 [203], clearly the stress on the device 
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shown in Figure 5-6 is well below this value. This figure shows the surface 
stresses induced by the stretching. It is clear that the stress is greatest at the 
edge of the gripping point. In reality, there would also be a slight 
compression in the z-plane between the two plates. A simulation was 
carried out that included this compression but was found to have negligible 
impact on the critical channel dimensions. As such, this was not included in 
the remaining simulations, in order to reduce simulation time. 
 
Figure 5-6: COMSOL result of stretched device showing von Mises stresses on the surface 
of the sphere focusing device. The colour represents the magnitude of the stress on the 
device surface. The scale is linear running from 0 (blue) to 550 N/m2 (red). The result has 
been mirrored to show the entire device. The original dimensions are represented by a 
wireframe. The device has been stretched by 6mm. 
Data taken from the channel edges demonstrated that the channel depth and 
width were both reduced by the stretching process. The impact on the width 
of the focusing region is shown in Figure 5-7, showing clearly that the 
stretching reduces the width. This reduction in the width should allow for 
smaller spheres to be focused by the inertial forces. It appears that the 
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channel walls are slightly distorted at both the start and at the end. This 
results in a shorter region of consistent channel width, which would affect 
the inertial lift force on the sphere. As this distortion increases the more the 
device is stretched, it suggests that the stretching distance may be limited. It 
is also observable that parallel stretching lengthens the focusing region of 
the channel. This could go some way to counteracting the effects of 
shortening due to distortion, as it will slightly increase the performance of 
the device, since it allows a greater distance over which the spheres can 
migrate to the focusing position. The increase in length is not equal to the 
displacement of the device. The increase ranges from 0.87mm (1mm 
displacement) to 6.97mm (8mm displacement). 
 
 
Figure 5-7: Simulation results showing channel width along the length of the channel as a 
result of the device being stretched along the length of the channel by a given prescribed 
displacement (see legend). The data is collected from the positions shown in Figure 5-5. 
Shows that stretching the device causes the channel to become narrower with some 
unwanted wall distortion at the ends of the channel. 
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To get a clearer idea of the wall distortion, the profile of the channel 
sidewalls was plotted for the 5mm stretch simulation. The data was plotted 
as a distance from the centre of the channel. This is shown in Figure 5-8 
where it can be seen that on the scale of the entire channel width, this 
deformation is relatively small. However, the same can be said of the 
displacement created by the stretching itself.  
 
Figure 5-8: COMSOL simulation results showing the width profile of the channel along the 
length of the channel when the device is subjected to a 5mm stretch parallel to the focusing 
channel. Showing the unwanted distortion at the ends of the channel was relatively small. 
The effect the stretching has on the height of the channel is shown in Figure 
5-9. The channel depth displacement caused by the stretching is very similar 
to the effect of the stretching on the width of the channel. This is clear from 
the fact that the average aspect-ratio of the channel is maintained at 1.75 
throughout the stretching process. This is illustrated in Figure 5-10, which 
shows the average cross-section of the channel when subjected to a given 
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parallel stretch. This figure also highlights that the impact of parallel 
stretching is not very significant as the channel dimensions are relatively 
similar throughout. This means that the device would most likely, only be 
capable of fine tuning, as the minimum sphere diameters that will be 
focused will vary from 5.6-6.9m. 
 
 
Figure 5-9: COMSOL simulation results depicting the channel depth along the length of the 
channel as a result of a parallel stretch of a given displacement (see legend). Parallel 
stretching of the device results in a reduction in channel depth. There appears to be some 
channel distortion at the start and end of the channel. 
 
Figure 5-10: Scale illustrations of the average cross-section of the focusing region channel 
when subjected to a parallel stretch of a given length. The number within each box indicates 
the extent of the prescribed displacement length (mm). An average is taken of the width 
and depth data shown in Figure 5-7and Figure 5-9. The channels have the following width x 
depth dimensions. 0mm: 80 x 140µm. 1mm: 79.13 x 138.48µm. 2mm: 78.26 x 136.96µm. 
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3mm: 77.38 x 135.45µm. 4mm: 76.51 x 133.93µm. 5mm: 75.64 x 132.41µm. 6mm: 74.77 x 
130.89µm. 7mm: 73.90 x 129.37µm. 8mm: 73.03 x 127.86µm. Highlights that, whilst the 
channel does get smaller, the aspect ratio of the channel remains the same. 
5.5.2 Perpendicular Stretching 
An alternative to stretching the device along the length of the channel is to 
stretch the device across the channel. This should lead to a widening of the 
channel, which in turn should impact the focusing behaviour of the device. 
5.5.2.1 Model Parameters 
The model used for parallel stretching was adapted to allow the device to be 
stretched perpendicular to focusing channel. This was achieved by adding 
more PDMS to the block, an additional 15mm was added either side of the 
channel. A region was created for metal plates to grip and apply the 
displacement, this region was 30mm x 10mm. These adaptations can be 
seen in Figure 5-11. 
 
Figure 5-11: Adaptations to the COMSOL model to facilitate perpendicular stretching. An 
additional 15mm is added to the PDMS block (in the y-direction) that was used previously 
in the parallel stretching section. The 'grip' positions, where the prescribed displacement is 
applied, are highlighted in blue. Prescribed displacements were defined on the top and 
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bottom surface of the device. The displacements were both defined as +y (0-3mm) in the y-
dimension and 0 in the x- and z-dimensions. As previously, half of the device was simulated 
with the use of a symmetry plane. 
In order to simulate a stretch of 0-6mm, a prescribed displacement of 0-
3mm was applied to the ‘grip’ positions along the y-plane. It was necessary 
to increase the density of the mesh due to the variation in the displacement 
that results from the way the software approximates the result within each 
element of the mesh. The predefined ‘extremely fine physics controlled 
mesh’ was used. The variation can be seen in Figure 5-12. It is clear that 
whilst there is still some variation with this mesh setting it has been 
reduced from the variation found using the ‘extra fine’ mesh. 
 
Figure 5-12: Simulation results showing the channel depth along the length of the focusing 
channel. Two results are shown, each with different mesh densities to highlight the 
reduction in variation that is achieved with a finer mesh. Both meshes are created using the 
COMSOL predefined 'physics controlled' mesh setting. In both cases the device was 
stretched by 1mm. 
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All other model parameters were maintained from the parallel stretching 
model. 
5.5.2.2 Results and Discussion 
Perpendicular stretching results in a significant distortion in the shape of 
the device. As can be seen in Figure 5-13, stretching the device along the y-
plane results in shortening along the x-plane. This reduction in length could 
lead to the spheres not being focused, as their may no longer be sufficient 
time for the focusing to occur. It is also worth noting that the von Mises 
stresses are significantly higher with this type of stretching. This could 
potentially lead to the device being damaged.  
 
Figure 5-13: Distortion of the dynamic sphere-focusing device, as a result of a 4mm 
perpendicular stretch. Colour represents the magnitude of the von Mises stress on the 
device surface using a linear scale from 0 (blue) to 7560 N/m2 (red). This is well below the 
tensile strength of PDMS mixed at a ratio of 10:1 elastomer-to-curing agent. 
Stretching the device perpendicular to the channel causes significant 
widening of the channel. This can be seen in Figure 5-14. This figure also 
illustrates the aforementioned shortening of the channel. Unlike parallel 
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stretching, this type of stretching could be used to prevent spheres from 
focusing. Whilst the parallel stretching allowed selection by bringing larger 
spheres into focus, this device would allow for selective tuning by taking 
smaller spheres out of focus. A possible problem with this device is that the 
edge is curved along the length of the focusing region. This means that the 
inertial force of the sphere would not be consistent, which could mean that 
there may be focusing when it is not expected, or vice versa. The curved 
nature of the channel walls is illustrated in Figure 5-15, which plots the 
position of the sidewalls in relation to the centre line of the channel. 
 
Figure 5-14: Simulation results depicting the channel width along the length of the channel 
as the device is stretched by a given distance (see legend) perpendicular to the channel. The 
perpendicular stretching causes the channel to get wider. This stretching also causes the 
channel wall to be curved with a peak channel width at the midpoint of the channel length. 
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Figure 5-15: Simulation results of the channel sidewall profiles along the length of the 
channel. Shows the bowing of the channel walls causing the channel to be widest at the 
halfway point along the channel length. The device has been stretched by 2mm. 
The effect that this perpendicular stretching has on the channel depth is 
shown in Figure 5-16. The depth is significantly reduced by the stretching 
process, which means that the aspect ratio of the channels will be changed. 
To an extent, this could enhance the ‘de-focusing’ tuning of the 
perpendicular stretching, but this could also create problems, as it could 
lead to additional equilibrium positions being created at the top and bottom 
of the channel. This would be problematic, as focused spheres would exit 
through the outlet that is intended to collect non-focused spheres. The 
changing cross-section of the channel, when distorted by a perpendicular 
stretch, is illustrated in Figure 5-17. These average channel dimensions 
would relate to a shift in the minimum diameter that can be focused from 
6.9µm up to 12µm. 
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Figure 5-16: Simulation results of the channel depth along the length of the channel when 
the device is subjected to a given perpendicular stretch (see legend). The channel depth is 
reduced as the device is stretched. The nature of the distortion is curved with a depth 
minima at the midpoint of the channels length. 
 
Figure 5-17: Scale illustrations of the average cross-section of the focusing region of the 
channel when subjected to a perpendicular stretch of a given length as denoted by the 
number shown within the boxes (mm). Length and width calculated by taking averages 
from the data shown in Figure 5-14 and Figure 5-16. Shows that perpendicular stretching 
causes an increase in channel width and a reduction in channel depth leading to a 
significant change in the channel aspect ratio. The aspect ratios of the channels are given 
directly below each cross-section. The channels have the following width x depth 
dimensions. 0mm: 80 x 140µm. 1mm: 86.92 x 137.78µm. 2mm: 93.85 x 135.57µm. 3mm: 
100.77 x 133.36µm. 4mm: 107.70 x 131.14µm. 5mm: 114.62 x 128.92µm. 6mm: 121.55 x 
126.71µm. 
1.15E-04
1.20E-04
1.25E-04
1.30E-04
1.35E-04
1.40E-04
1.45E-04
5 15 25 35 45
C
h
a
n
n
e
l 
D
e
p
th
 (
m
) 
X Co-ordinate (mm) 
0mm
1mm
2mm
3mm
4mm
5mm
6mm
5 Inertial Sorting of Microspheres 
 192 
5.5.3 Compression 
Stretching is not the only way to distort a flexible device; another possible 
technique is to subject the device to some sort of compression. Compression 
perpendicular to the channel should cause a narrowing and hence alter the 
focusing behaviour. 
5.5.3.1 Model Parameters 
The parallel stretching model was adapted to feature a 30mm wide face that 
was located centrally along the length of the device (in the x-plane). This 
face covered the full depth of the device. The width was chosen as it 
matched the size of a milling vice that would be used experimentally to 
compress the device. 
 
Figure 5-18: Model used to simulate compressive distortion. A prescribed displacement 
was applied to the side of the device (highlighted in blue). The length of the area to which 
the prescribed displacement was applied was determined by the width of the machining 
vice that was used to apply the compressive force in the experimental section. To simulate a 
compression of 0-2mm the prescribed displacement was defined as –y (-1-0mm) in the y-
dimensions whilst the x- and z- dimension displacements were set at 0. Only half of the 
device was simulated through the use of a symmetry plane. 
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The model is shown in Figure 5-18 with the compression face highlighted. 
This compression was applied via a prescribed displacement along the y-
plane such that the device was compressed between 0 and 2mm in steps of 
0.5mm. 
5.5.3.2 Results and Discussion 
The maximum stress induced on the surface of the device is significantly 
higher in compression than it was when stretching was applied. This stress, 
however, is still lower than the tensile strength of the PDMS so should not 
cause the PDMS to be damaged. However, it would most likely cause stress 
to be applied to the bond between the two layers of the PDMS as the top and 
bottom of the device are forced away from the centre as shown in Figure 
5-19. This is potentially a problem as this stress does exceed the bond 
strength of plasma bonded PDMS [200].  The maximum stress is highly 
localised so may not cause significant damage but this should be monitored 
during the experimentation stage to ensure no problems occur between the 
PDMS layers. 
 
Figure 5-19: Simulation results showing von Mises stresses on the surface of the device 
when it is subjected to a 1mm compression perpendicular to the length of the channel. 
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Magnitude of the stress is indicated by the colour on a linear scale from 0 (blue) to 3.35 x 
105 N/m2 (red). Wireframe indicates the original device dimensions. 
Importantly, the narrowing that is achievable with compression, appears to 
be much greater than that which is achieved using parallel stretching. This is 
shown clearly in Figure 5-20. The device width is reduced to less than half 
its original width with just 2mm of compression. The edge of the channel 
also appears to be relatively straight; although there is distortion at the edge 
this is likely due to the compression region only being 30mm wide whereas 
the channel is 40mm long. This reduction should equate to a drop in the 
minimum diameter of focused spheres from 6.9µm down to 2.7µm. This is a 
similar change to that found using perpendicular stretching.  
 
Figure 5-20: Simulation results of channel width along the length of the channel as the 
device is compressed by a given displacement (see legend). Shows that compression of the 
device causes a reduction in the width of the channel. The distortion at the ends of the 
channel is likely a result of the compression region being shorter than the channel length.  
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The perpendicular stretching device created a problem with the aspect ratio 
as the reduction in depth could potentially add additional equilibrium 
positions. It can be seen in Figure 5-21 that this is not a problem when the 
device is compressed. In fact, the aspect ratio increases as the device is 
compressed. The top and bottom walls appear to be curved but, unlike with 
perpendicular stretching, this should not be problem as the focusing should 
occur along the straighter side-walls, rather than at the top and bottom. 
 
Figure 5-21: Results of compression simulations depicting the depth of the channel along 
its length as the device is compressed by a given displacement (see legend). Shows the 
channel depth increases as the device is compressed, this increase has a curved nature with 
a maxima at the channel midpoint (in terms of the channel length). 
The average cross-sections of the channels are shown in Figure 5-22. This 
demonstrates the significant increase of the aspect ratio. 
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Figure 5-22: Scale illustration of the average cross-section of the focusing region channel 
when subjected to a given compressive displacement. The number above the channel cross-
sections indicates the displacement (mm) whilst the number below shows the aspect ratio 
(A.R.). Channel width and depth calculated by taking averages from the data shown in 
Figure 5-20 and Figure 5-21. Highlights that compression of the device results in an 
increase in aspect ratio of the channel. The cross-sectional dimensions are: width x depth 
0mm: 80 x 140µm, 0.5mm: 69.63µm x 145.22µm, 1mm: 59.26µm x 150.44, 1.5mm: 48.89 x 
155.67µm, 2mm: 38.52 x 160.89µm. 
These results suggest that compression is the most promising deformation 
technique to create a tuneable device, offering significant dimension change 
without any problematic change in the aspect ratio. 
5.6 Modelling Sphere Focusing 
Having established how the device can be deformed it was then deemed 
worthwhile to investigate how sphere focusing would be affected by the 
change in the channel dimensions. 
5.6.1 Model Parameters 
A two dimensional model was created using the ‘single phase, laminar flow’ 
and the ‘particle tracking’ physics modules in COMSOL Multiphysics. The 2D 
channel was 40mm long whilst the channel width was defined as the 
average width of the channel, found from the deformation simulations. The 
maximum inflow speed, Um, was set to 0.1m/s but changing the channel 
width should lead to a change in the speed of flow through the channel. To 
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account for this, the inlet edge was fixed at 80m wide with a short flow-
rate control zone channel prior to the focusing channel. The flow-rate 
control zone allowed the inlet to expand or reduce to the width of the 
focusing channel, while maintaining the inlet flow rate edge parameter. This 
is shown in Figure 5-23. 
 
Figure 5-23: Illustration of the flow rate control zone used in the sphere focusing 
simulations. This was used at the channel inlet to account for the increase or decrease in 
flow rate that results from the expansion or reduction of the channel width. The flow rate 
parameter that is applied to the inlet edge remains constant whilst the flow through the 
focusing channel is altered by the channel width. This change in channel width is based on 
the results of section 5.5. The inlet shown here is for a channel subjected to a 6mm 
perpendicular stretch.  
The model was simulated in two stages. The first stage used the laminar 
flow physics module with the boundary conditions set as shown in Table 
5-3. 
Table 5-3: Laminar flow boundary conditions used in sphere focusing simulations. 
Boundary Condition Parameters 
Inlet Velocity – Um/1.5 [147] 
Outlet Pressure – 0kPa 
Symmetry Line representing the centre of the channel 
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Wall Bounce 
 
A stationary solver was used to simulate the flow, in this case using the 
default PARDISO solver. Water was used as the fluid flowing through the 
channel. 
The second stage was simulated using the particle tracing module for fluid 
flow physics. The walls were set to the bounce condition for all walls 
excluding the inlet and outlet to ensure spheres did not adhere to the side 
walls. The particle properties were specified such that they would be 
neutrally buoyant spheres with diameter a. Neutrally buoyant spheres were 
used as they can be carried in flow more readily and also are not subject to 
excessive gravitational or buoyancy forces. Two hundred of these particles 
were released with a uniform distribution from the inlet at a velocity set by 
the result of the laminar flow stage of the simulation. The outlet settings 
ensured that spheres would ‘freeze’ for analysis against the outlet, upon 
reaching it. Two forces were applied to the entire domain to simulate the 
forces that a sphere is subjected to when in flow. Firstly, a Stokes drag force 
was applied, again with the velocity set by the laminar flow result. Secondly, 
a custom force was applied to simulate the inertial lift force. This was 
applied by using the inertial lift force equation (5-2). This equation includes 
a lift coefficient term, fc, which varies depending on position within the 
channel. To represent this in the model an approximate function had to be 
created. It has been stated by Di Carlo et al. that the lift coefficient is 0 at the 
channel centreline before rising with proximity to the channel wall until a 
maximum is reached [149]. The coefficient then decreases back to zero at a 
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distance 0.1-0.2 times the channel width from channel wall. The coefficient 
then becomes negative to indicate that the force is now acting away from the 
wall [149]. It has also been stated that, if Re < 100, the lift coefficient can be 
approximated as 0.5 [147, 159]. Given this information, a sine function was 
defined such that the waveform intersected zero at the channel centre, and 
at 0.15 times the channel width away from the wall. It was defined to have a 
magnitude such that its average was 0.5 (for x≥0). Using a sine function 
means that when x<0 the sign of the function is switched to represent that 
the force is acting in the opposite direction, i.e. the force acts away from the 
channel centre in both directions until a sphere approaches the channel 
wall. This function is shown in Figure 5-24. 
 
Figure 5-24: Lift coefficient as a function of the position, x, across the width of the channel. 
The horizontal axis is the distance from the centre of the channel in the x-direction. In this 
case the channel width is 48.86µm to simulate the device being compressed by 1.5mm. The 
lift coefficient is 0 at x=0m (the centre of the channel) before rising to a maximum and 
dropping back to 0 at 0.15w from the channel wall. Beyond this it is negative as the force 
acts in a different direction. The average of the function from x=0 to the positive wall is 0.5, 
with the average equal to -0.5 for x≤0. 
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This function was used in the inertial lift equation where the velocity was 
represented by the flow velocity found in stage one of the simulation. This 
force was applied to the sphere throughout the channel. Unlike in the first 
stage, it was necessary to solve this stage using a time dependent solver. In 
this case, the default iterative GMRES solver was used to simulate over a 
time running from 0-5 seconds at 0.01 second intervals. 
For both stages an extremely fine, free, triangular mesh was used. The 
predefined values were customised slightly to define the maximum element 
size, as a tenth of the channel width, and the minimum element size as a 
twentieth of the width. 
The simulations carried out in this section used the channel geometries 
found in the deformation modelling. The channel width was defined as the 
average width found in the previous models, as simulating the curved 
sidewalls was not found to be possible due to the nature of the 
approximation of the lift coefficient. The channel depth was not defined, as 
the model is only two-dimensional; this means that any possible focus 
position at the top and bottom of the channel will not be represented. The 
channel length was also determined in the deformation simulations. 
The particle diameters used were selected to match the diameters of the 
spheres that were available for experimentation. They were: 1.9m, 3m, 
5m, 8m and 12m. In order to analyse their behaviour the particle 
position data was exported from COMSOL for analysis allowing the outlet 
distribution to be plotted, 
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5.6.2 Results and Discussion 
To confirm the validity of the model it was tested against results in 
previously published works. Firstly the inertial focusing by Zhou and 
Papautsky was simulated [199]. By recreating the conditions used in this 
paper, it was possible to compare the results of the article and the model. As 
can be seen in Figure 5-25 the focusing appears to be relatively similar at 
three positions along the length of channel. In the simulation the sphere 
streams appear more clearly defined than in the experimental results, 
however this is likely due to the discrete nature of a simulation as opposed 
to a fluorescence intensity plot. Given this, the simulation and the published 
experiment appear to match up relatively well. 
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Figure 5-25: Comparison of model results (right) to experimental results (left) as reported 
by Zhou and Papautsky  [199]. A) At 2mm along the channel little focusing has occurred 
with just the spheres right in the middle of the channel noticeably affected. B) 5mm along 
the channel some focusing has been achieved, two clearly distinct streams are emerging. C) 
9mm along the channel, complete focusing has been achieved. The simulation results show 
the particle trajectories, the colour of these trajectories represent the speed of the particles 
when they passed that point. The colours represent a linear scale from 0.74 m/s (blue) up 
to 1.06 m/s (red). The particle diameter was 7.32µm. The experimental spheres are tracked 
using fluorescent imaging. 
The model was also tested against the work by Bhagat [159] where focusing 
was observed at a particle Reynolds number of 0.09 but not at 0.009. As can 
be seen in Figure 5-26 this is also the case when simulated using this model. 
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Figure 5-26: Simulation of experimental setup as reported by Bhagat showing the sphere 
positions at the outlet of the channel. A) Flow rate defined such that Rep=0.09; much like in 
the referenced paper focusing is achieved as can be seen by the two distinct particle 
streams. Sphere speed indicated by colour on a linear scale from 0.05 m/s (blue) to 0.44 
m/s (red). B) Flow rate defined to give Rep=0.009; no significant focusing is achieved as can 
be seen by spheres being present across the full width of the channel. Sphere speed scale 
from 3.68 x 10-3 m/s (blue) to 0.05 m/s (red). These results are broadly in accordance with 
the reported experimental results from Bhagat. Particle diameter was 1.9µm. Channel width 
was 20µm. [159] 
Having established that the model is capable of a reasonable approximation 
to observed behaviour, simulations were carried out to investigate how the 
spheres behaved in the deformable device. To save time and for easier 
analysis of the results the model was adapted such that only half of the 
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channel was simulated through the use of a symmetry boundary. The 
number of released spheres was reduced to 100 to reflect the fact that only 
half of the channel was simulated. The behaviour of the five sphere sizes in 
the undistorted device can be seen in Figure 5-27. It is clear from the 
distribution of the spheres at the channel outlet, that significant focusing is 
only present for spheres sized 8µm and 12µm. This is as expected given the 
channel width dimensions that were calculated for Table 5-1. 
 
Figure 5-27: Sphere focusing simulation results depicting the normalised distribution of 
spheres measured at the channel outlet. Each line relates to the number of spheres at a 
given position for five different sphere sizes (see legend). One hundred spheres of each size 
were carried along a 40mm long, 80µm wide channel (only half of the channel width is 
simulated). Channel width is normalised and sphere data is broken up into 45 equal 
distribution bins. 
By concentrating on the behaviour of the 8µm spheres, it is possible to 
illustrate how the perpendicular stretching device could work. Figure 5-28 
shows that as the device is stretched across the channel, and the channel 
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becomes wider, the level of focusing decreases. This would allow for 
selection by exclusion, as when there is no stretching, the central outlet of 
the device would contain no 8µm spheres. However, as the device is 
stretched, the 8µm spheres would begin to exit through the central outlet 
too. This would mean that the minimum size of the sphere that can be 
focused, and therefore not be collected through the central outlet, can be 
increased by stretching the device. 
 
Figure 5-28: Simulated 8µm sphere distribution at the channel outlet as the device is 
stretched perpendicular to the channel by varying degrees (as given in graph legend). The 
channel width is normalised for each result with the data split into 45 equal bins. Results 
are for one half of the channel so the positions of one hundred spheres are shown here. 
In order to understand the impact compression would have on the focusing 
behaviour, 3µm and 5µm spheres were used. As shown in Figure 5-27 these 
spheres remain unfocused when the device is not deformed. As the device is 
compressed, and the channel narrows, the a/Dh > 0.07 indicator is fulfilled 
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and the spheres begin to enter into focused streams. This is shown in Figure 
5-29 and Figure 5-30, where it is clear that complete focusing has been 
achieved for 5µm spheres, when the device is compressed by 1.5mm and 
significant focusing of 3µm spheres has occurred at 2mm compression. This 
means there is substantial scope for tuning through compression. The 
uncompressed device is likely to have no 8µm or 12µm spheres travelling 
out of the central outlet meaning they have been filtered out. As the device is 
compressed, smaller sized spheres are added to this exclusion list. First, the 
5µm spheres are filtered out, and then the 3µm spheres. Clearly this could 
be a very effective technique for sorting spheres. Indeed, if the spheres 
collected though the side outlets are collected it is easy to see how each size 
could be selected with this device. If we consider the five previously used 
sizes then at 2mm compression, all but the 1.9µm spheres would be focused, 
and, therefore, the spheres collected from the central outlet should all be 
1.9µm. If the spheres from the side outlets are passed through the device 
again with the compression reduced then the 3µm spheres become 
unfocused and can be collected through the central outlet. If this is repeated 
a number of times then each size can be removed excluding the 8µm and 
12µm spheres (unless perpendicular stretching is also employed or the 
device is wider to begin with). It would however, most likely, not be 
completely accurate, as in the first stage, some of the 1.9µm spheres may 
enter the side outlets, meaning that they could potentially be collected with 
the 3µm spheres, or even larger spheres. This could potentially happen at 
every stage. A possible way to overcome this would be to focus the spheres 
in the middle of the channel before they enter the focusing region. This 
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would mean that the spheres that were not caused to migrate across the 
channel would be more likely to be collected through the central outlet. This 
could be achieved by having secondary inlet streams, either side of the main 
inlet. This would focus the flow stream out of the primary inlet to the middle 
of the channel (illustrated in Figure 5-31). 
 
Figure 5-29: Simulated 5µm sphere distribution at the channel outlet as the device is 
compressed perpendicular to the channel by varying degrees (as given in graph legend). 
The channel width is normalised for each result with the outlet width split into 45 equal 
bins. A count of the number of spheres within each bin was taken. One hundred spheres 
were released for each simulation. 
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Figure 5-30: Simulated 3µm sphere distribution at the channel outlet as the device is 
compressed by varying degrees (as given in the legend). The channel width is normalised. 
The outlet was split into 45 equal bins and a sphere count was taken within each bin to 
determine sphere distribution. 100 spheres were released for each simulation. 
 
Figure 5-31: Illustration of the pre-focusing that could be achieved with secondary inlets. 
A) Spheres are introduced to a regular straight channel, they can be distributed across the 
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width of the channel. B) Secondary inlets are used to introduce flows at the sides of the 
channel. This pushes the spheres into the centre of the channel prior to entering the 
focusing region thus reducing the chance of spheres that haven’t been focused by inertial 
forces exiting through the side outlets. Solid black arrows indicate sphere paths, dashed 
arrows indicate flow. 
The results of these simulations appear to suggest that compression is the 
most effective way to tune focusing via device deformation. As such, the 
compression technique will be the focus of any experimental work. 
5.7 Device Testing 
The simulations appear to show that deforming the device is a viable 
technique for tuning the focusing of microspheres, but it is necessary to test 
the device experimentally to confirm the validity of these simulations. The 
techniques used to fabricate the device are covered in the appendix at the 
end of this chapter. 
5.7.1 Methods 
The first stage of testing the device was to ensure that it could be deformed 
as expected. This was achieved by placing the device in a machining vice. 
The vice was positioned such that it compressed just the focusing region of 
the device. The width of the channel was measured using a measuring 
microscope (Nikon MM-800) connected to a digital measurement system 
(Metronics, Quadra-chek 200). The distance between each side of the vice 
was also measured to determine the extent of the compression. The 
experiment was performed three times to ensure that the device maintained 
its elasticity. 
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Figure 5-32: Sphere focusing device held in a machining vice. The machining vice applies a 
compressive force to the device inducing a reduction in the width of the focusing channel. 
The device is made from PDMS and is under lit by a strip of LEDs powered by a 12V DC 
power supply. A microscope is used observe the extent of the channel width reduction and 
determine sphere position. 
To test whether focusing was occurring, silica spheres (ThermoFisher 
Scientific) were carried into the device in a solution of sodium 
metatungstate (ThermoFisher Scientific) and deionised water at a density of 
2 x 106 spheres per ml. The solution was mixed at 55% sodium 
metatungstate and 45% deionised water, volume-to-volume, to achieve a 
density of 2000 kg/m3. This density was required, so that the spheres would 
be approximately neutrally buoyant as the sphere density is 1800-2200 
kg/m3. Neutral buoyancy was necessary to ensure that the spheres were 
carried from a syringe, placed in a syringe pump (AL-1000, WPI), into the 
focusing channel. The sodium metatungstate was found to solidify into a 
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white powder when it dried out so it was necessary to ensure the device was 
well flushed with deionised water after every use of the device.  
The position of the spheres was determined using a high speed camera 
(Megaspeed MS40K) to observe the spheres as they passed through the 
channel. To supply sufficient light for the high speed camera, a strip of ultra-
bright white LEDs (12V, 220mA, Maplin) were used to backlight the device 
by placing them into contact with the underside of the PDMS device. The 
LEDS were powered by a 12V DC power supply. The particle tracking tool in 
the Megaspeed AVI player software was used to determine sphere speed.  
5.7.2 80µm Wide Channel Results and Discussion 
Measurement of the channel width during compression is shown in Figure 
5-33. It can be noted that, whilst the results of the experiment and the 
simulation do not match, the important features of device behaviour were 
still observed. The key features are the linear elastic nature of the material, 
as shown by the linear decrease in channel width, and also the extent of the 
channel width reduction that is possible. In both the simulation and the 
experiment, the channel width was reduced to approximately 40m. 
However, the experiment was found to require twice the compression 
distance of the simulation. The difference between the two results may be a 
result of slight differences in the material properties between the simulation 
and the experiment. Additionally, the compressive force may not have been 
applied in a perfectly square manner. If the force was applied off-square it 
would cause the device to bow or contort slightly. 
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Figure 5-33: Focusing channel width as the distance between the two sides of the vice is 
reduced. The experimental results appear to show that the compression required 
experimentally is twice of that which was found through simulations. 
The extent of the change in channel width is demonstrated in Figure 5-34. 
The side-by-side comparison clearly shows that the channel width has been 
dramatically reduced. 
 
Figure 5-34: Comparison of channel width during compression of the sphere focusing 
device. A) Uncompressed device (80µm wide) and B) device subjected to 3mm compression 
(50µm wide). 
12m spheres were found to form two focused streams at a flow rate of 4.03 
ml/hr without any compression. This is consistent with the simulations, but 
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the key to establishing the merit of compressing the channels, is to use 
spheres that are not focused when the device is uncompressed. To this end 
another test was carried out with 5m spheres that would not be expected 
to focus without compression. However, it was not possible to observe the 
5m spheres, as the increased magnification required to view them meant 
there was insufficient light for it to be possible to view the spheres through 
the camera. As a result it was deemed necessary to produce a larger device 
so that the concept could be shown using 12m spheres. The device needs 
to be wide enough to ensure that focusing of 12m spheres did not occur 
when the device is not compressed. The manufacture of the larger channel 
device is covered in section 5.10.2. 
5.7.3 Image Analysis 
The sphere behaviour was analysed by recording the location of each sphere 
in a given frame of the high speed video. 20 frames were assessed at 25 
frame intervals. The 25 frame interval between each sphere count was 
chosen as it gave sufficient time for spheres to traverse the entirety of the 
channel length under observation, thereby ensuring that spheres were not 
counted twice when collecting data. The images were enhanced by applying 
local equalization (50 height and weight) using Corel PHOTO-Paint X5, this 
helped highlight the sphere locations as demonstrated in Figure 5-35.  
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Figure 5-35: Single frame of the spheres observed flowing through the sphere focusing 
device with a channel width of 200µm. Image taken using an MS40K high speed camera 
attached to an optical microscope. A) Raw unedited image. B) Local equalization applied to 
the image to highlight the sphere position. 
Spheres were considered to be focused if the centre of the sphere was found 
to be within 0.25 times the channel width of the wall. Within this distance, 
spheres should enter the side outlets of the device rather than the central 
outlet, as long as there is no obstruction in the channel. Sphere position was 
assessed using Nikon NIS elements software 3.2 by positioning a line 
representing the division between ‘focused’ and ‘unfocused’ spheres and 
then counting the number of spheres on each side of these lines. This 
process is shown in Figure 5-36. 
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Figure 5-36: Single frame of video captured using a high frame rate camera attached to an 
optical microscope. Local equalisation has been applied to the image to highlight the sphere 
position. Sphere position analysis is performed using Nikon NIS elements 3.2 software. Two 
green lines indicate the division between the area of the channel where spheres are 
considered either ‘focused’ or ‘unfocused.’ The focused spheres, which are outside of these 
lines, are counted (in this case 43) and the unfocused spheres between the two lines (in this 
case 14) are also counted. 
5.7.4 200µm Wide Channel Results and Discussion 
By re-arranging equation 5-5 it was calculated that a channel width of 
130µm should focus the spheres in a 40mm long channel with a maximum 
flow speed of 0.12 m/s. It was, therefore, imperative to ensure that the 
channel width could be compressed from 200µm to 130µm. It was shown to 
be possible to reduce the width of the channel sufficiently, which can be 
seen in Figure 5-37. 
 
Figure 5-37: Photomicrograph to inspect the channel width of the larger channel sphere 
focusing device under differing levels of compression. A) Compressed to 130µm wide. B) 
Uncompressed, channel width 200µm. 
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Whilst examining the compression of the channel, it was noted that the 
channel width did not appear to be consistent over the entire depth of the 
channel. In order to gain a fuller understanding of this phenomenon the 
device was sectioned such that compression could be applied whilst viewing 
the cross-section of the channel. The two extremes of the observed channel 
compression are shown in Figure 5-38. This shows that there is some 
bowing of the channel walls as the compression is applied. Similar bowing 
was also observed in the COMSOL simulations. It was also noted at this stage 
that the channel depth was slightly less than initially thought, as it was 
measured at 350µm for a channel width of 200µm. This is slightly less than 
the desired aspect ratio of 2. However, the channel depth increases as the 
channel width is reduced, such that the depth of the channel at 130µm wide 
is 374µm, which is an aspect ratio in excess of 2. 
 
Figure 5-38: Channel cross-section of the larger sphere focusing device when A) 
Uncompressed and B) Compressed to 130µm wide. C) Cross section of channel when 
compressed in COMSOL Multiphysics simulation. The colours indicate the intensity of the 
von Mises stresses with red indicating relatively high stress and blue indicating lower 
stress. 
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Table 5-4: Channel cross-sectional dimensions as the larger sphere focusing device is 
compressed. 
Channel Width Channel Depth Aspect Ratio 
200µm 350µm 1.75 
190µm 352µm 1.85 
180µm 354µm 1.97 
170µm 357µm 2.1 
160µm 361µm 2.26 
150µm 366µm 2.44 
140µm 370µm 2.64 
130µm 374µm 2.88 
 
The focusing behaviour was then tested at a flow rate of 13.8 ml/hr at 10µm 
channel width intervals, from 200µm down to 130µm wide. The results of 
these tests are shown in Figure 5-39. It appears that the level of focusing 
does improve as the channel width is reduced. The relationship appears to 
be linear. However, it is likely that the results would actually form a curve 
that flattens out at around 50%, as that is the level that corresponds to 
random sphere positioning. Evidence that this is the case can be seen in the 
results for 190µm and 200µm channel width, which were both 49.4% 
±1.6%. 
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Figure 5-39: Percentage of spheres that are focused as the channel width is varied. Error 
bars represent 95% confidence level. The number of spheres counted, n, ranges from 45 to 
104 for the data points shown. Inlet flow rate of 13.8 ml/hr. 
The peak focusing level was 74.3% with a 95% confidence level of ±3.9% 
which is a relatively poor level of focusing when compared to some of the 
literature shown in section 2.2.4. But, this could possibly be improved by 
increasing the flow rate. The flow speed was selected so that 12µm spheres 
would just about focus by the end of the channel, if it was 130µm wide. 
However, the spheres are not all exactly 12µm as can be seen in Figure 5-40. 
This polydispersity may cause some of the spheres to take longer to migrate 
across the channel to the equilibrium positions. The size distribution of the 
spheres was investigated using the auto measurement feature of NIS 
elements to measure the diameter of 518 spheres. The spheres were found 
to have a mean diameter of 13.18µm with a standard deviation of 2.08. The 
diameter ranged from 4.31µm up to 20.16µm. This actually highlights the 
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real necessity for improved industrial size sorting, as this is a large 
distribution of sizes, despite these spheres being previously classified as 
12µm spheres by ThermoFisher scientific. 
 
Figure 5-40: One of five photomicrographs (left) that were used to investigate sphere 
sizing alongside the size distribution of all the measured spheres (right). The spheres were 
measured using NIS elements auto measurement. Spheres that were auto detected and 
measured are shown in red. They are detected by using a defined threshold based on 
intensity and circularity. 
In addition to this size distribution issue there was a problem with the 
carrier liquid viscosity. In the design stage the viscosity was estimated as 
being equal to water due to a lack of access to a viscometer. Access to a glass 
U-tube BS/U C viscometer was gained after the design and manufacture 
process and the sodium metatungstate and DI water solution was found to 
have a dynamic viscosity of 2.7 x 10-3 Pa.s. This higher viscosity meant that 
the focusing channel is not long enough for focusing to be achieved for many 
of the sphere sizes at the flow rate used here. By using the experimentally 
found viscosity and applying equation 5-5 to the sphere diameter data it was 
found that theoretically, only approximately 74% of the spheres would be 
expected to migrate to the equilibrium position given the channel length and 
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flow speed. This is within the range of the experimentally obtained result. 
The equation was adapted slightly to account for the line that determines 
focusing being 0.25 times the channel width from the wall as opposed to 0.1 
times in the stated equation. The size distribution also explains why there 
appears to be some improvement in focusing at 180µm channel width, 
despite it not fulfilling the a/Dh > 0.07 indicator for 12µm spheres, as the 
larger spheres are big enough for some focusing to occur. 
 
The theory that focusing could be improved by increasing the flow rate was 
investigated by raising the flow rate to 30 ml/hr. This flow rate should be 
fast enough for it to be possible to sort approximately 93% of the sphere 
sizes found in the previous measurement with a channel width of 130µm 
based on the adapted equation 5-5. Based on the sphere sizes 100% 
exchange would not be possible with a channel width of 130µm without 
raising the flow rate to levels that could damage the device. A comparison of 
the level of focusing when the channel is 200µm wide, and 130µm, is shown 
in Figure 5-41. There appears to be two focused streams when the channel 
is 130µm wide, whereas, the spheres appear to be randomly positioned 
when the channel is 200µm wide. This is a good indication that the device is 
behaving as expected. 
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Figure 5-41: Single frames of video captured using a high speed camera attached to an 
optical microscope showing a comparison of focusing when the channel width is: A) 200µm 
wide. The sphere position appears to be random. B) 130µm wide. Spheres seem to be 
focused into two equilibrium streams. Flow rate is 30 ml/hr for both. Local equalisation has 
been applied to both images to highlight sphere positions. 
By comparing the focusing behaviour of the device at the dimensional 
extremes of its operation, the impact of flow rate can be investigated. This 
comparison is shown in Table 5-5. The level of focusing has been improved 
for the narrow width, but not for the wider channel widths. This is an 
important result in confirming that the compression is a driving force in the 
tuning capacity of the device. Clearly, there is some tuning that can be 
achieved using flow-rate alone, as the improved tuning for 130µm and 
140µm wide channels shows. However, the lack of significant improvement 
at 190µm and 200µm indicates that flow-rate is not the only driving factor. 
This is compelling evidence that the compression that exploits the critical 
a/Dh parameter is indeed a factor in tuning the sphere focusing. This finding 
was also backed up by simulations that recreated the experimental 
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circumstances using the model used in section 5.6. The model was adapted 
to provide a normally distributed range of sphere diameters such that they 
had a mean of 13.18µm and a standard deviation of 2.08µm, as was found 
above from measuring the spheres used experimentally. Sphere focusing 
percentage in the simulations was determined in the same manner as was 
used experimentally. The improved performance of the simulation in 
comparison to experimental results may be a result of the curved nature of 
the walls found in the real world as opposed to the straight walls of the 
simulations. Additionally the simulations do not consider the depth of the 
channel. Despite these differences the simulations do appear to support the 
general trend of the results obtained. 
Table 5-5: Comparison of the focusing performance achieved using the larger sphere 
focusing device at two different flow rates. Both experimental and simulation results are 
shown for comparison. Experimental focusing is shown with a 95% confidence level. 
Experimental data collected using the image analysis technique described in section 5.7.3. 
 Experimental Simulation 
Channel 
Width 
(µm) 
Focusing at 
13.8 ml/hr (%) 
Focusing at 
30 ml/hr (%) 
Focusing at 
13.8 ml/hr (%) 
Focusing at 30 
ml/hr (%) 
200µm 49.4% ±1.6% 51.4% ±2.1% 47.6% 49.6% 
190µm 49.4% ±1.6% 52.2% ±2.1% 47.2% 50.8% 
140µm 70.8% ±1.7% 83.5% ±2.2% 71.6% 96.4% 
130µm 74.3% ±3.9% 88% ±1.1% 82.8% 97.2% 
 
The maximum experimental focusing rate of 88% is reasonably high and is 
comparable to previous sorting techniques that have been achieved using 
straight channel inertial sorting, which range from 69% - 97% [159, 161, 
164]. This is not quite a like-for-like comparison, as the cited studies 
measured the spheres at the outlets, whereas these measurements were 
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taken in-flow. However, the laminar nature of flow in a straight microfluidic 
channel, means the position of the spheres at the end of the focusing 
channel, should predict which outlet the spheres will enter, as long as the 
pressure is not significantly different at the three outlets. 
5.8 Future Work 
There is ample scope for future work with this tuneable device. Primarily, 
the sorting capabilities of the device should be further examined by 
measuring spheres at the channel outlets to establish whether the device 
can be effectively used to reduce the size distribution of the spheres.  
It would also be useful to determine how large the range of spheres that can 
be focused, actually is. This may require the use of alternative analysis 
techniques, such as the measurement of the fluorescence intensity of 
fluorescent spheres. The majority of inertial focusing work is analysed using 
fluorescent polystyrene spheres [153, 159, 161] and it is an approach that 
will be performed for a future publication. The initial project aim 
necessitated the use of silica, rather than polystyrene, spheres and, attempts 
to dye the spheres with fluorescent dye, proved to be unsuccessful. Although 
some dyeing occurred, the intensity was not sufficient that the sphere 
position could be determined. Polystyrene spheres would also allow the 
device to be used without the sodium metatungstate solution, and, 
therefore, reduce the likelihood of blockages occurring (as the sodium 
metatungstate dries to a powder). 
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The use of secondary inlets to initially focus spheres to the centre of the 
channel, would also be worth investigating, as it has the potential to ensure 
the majority of unfocused spheres exit through the central outlet. 
It would also be worthwhile to develop a simple actuator to apply the 
compression. Without the need to under-light the device to view the 
spheres, it should be easier to ensure that the compression is applied along 
the channel plane and therefore prevent any bowing of the device. This 
would be improved by having plates above and below the device to hold it 
flat whilst compression is applied. A well designed actuator could also 
involve a level of computer control to target a sphere size-range using a 
specific level of compression. 
Future work could also test the alternative deformation technique of 
stretching the device rather than compressing it. 
5.9 Conclusion 
Tuneable focusing of 12µm spheres via the compression of a deformable 
PDMS device has been demonstrated. An improvement of focusing from 
51.4% ±2.1% up to 88% ±1.1% was achieved by applying a compressive 
force to reduce the channel width. Although sorting has not been 
demonstrated the ability to focus spheres is the key to achieving sorting and 
therefore a significant proportion of the development of a tuneable sorting 
device has been achieved. The ability to tune an inertial sorting device 
represents a significant advantage over alternative techniques. Previously, 
tuning in an inertial sorting device, was only achievable by varying the flow 
rate of the device. By introducing the ability to change to channel 
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dimensions, the range over which the device can be tuned is significantly 
expanded whilst still maintaining the flow-rate tuning capability 
demonstrated in previous published studies. To the best of the author’s 
knowledge, this is the first time that device deformation has been used to 
tune an inertial focusing device. 
The benefit of using compression as the deformation technique, as opposed 
to stretching techniques, was also demonstrated via COMSOL Multiphysics 
simulations. The advantage is primarily related to requirement to have high 
aspect ratio channels, in order to maintain just two equilibrium positions. 
Compression was shown to increase the aspect ratio of channels, whilst 
stretching was shown to maintain or reduce the channel aspect ratio. 
5.10 Appendix  - Device Fabrication 
5.10.1 80µm Wide Channels 
In order to test the tuneable focusing device it was first necessary to 
fabricate it using PDMS. To do this a mould needed to be created. The mould 
was made by spinning SU-8 2075 photoresist (Microchem) on to a 4” silicon 
wafer and exposing it to create the required pattern. The wafer was 
prepared within a clean room environment and was cleaned using acetone 
and deionised water prior to spinning. The wafer was dehydrated by placing 
it on a hotplate at 120°C for 30 minutes prior to the SU-8 being poured onto 
the wafer. It was poured onto the centre of the wafer such that 
approximately half of the wafer surface was covered. The SU-8 was spread 
using a spinner (SPS Spin 150) at 500 rpm for 30 seconds, at an acceleration 
rate of 100 rpm/s followed by a second spin at 1500 rpm for 60 seconds 
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with a 300 rpm/s acceleration, to achieve the desired depth of 160µm. 
Following the spin-coating, the wafer was placed onto a hot-plate that was 
then turned on and set to 65°C and left for 10 minutes. Starting at room 
temperature (approximately 22°C), and then ramping up to 65°C was found 
to give a flatter surface with fewer imperfections. This ramping was at the 
rate at which it took for the hot plate to heat up to 65°C from room 
temperature. After 10 minutes the temperature was set to 95°C allowing the 
temperature to ramp up over time and was then held there over the course 
of 35 minutes. SU-8 is a negative photoresist, which means that areas that 
are exposed to ultraviolet light become polymerised and remain after 
development. To expose the desired area a printed emulsion film photo-
mask was used (JD Photo, 1µm resolution). The mask was placed in contact 
with the wafer and then a glass disc was placed on top to ensure a good 
contact was achieved. The wafer was then placed on a movable stage below 
a stationary ultraviolet LED (5mm, 20mW, 505nm, 15°, RS Components) 
whilst the stage moved to track the areas that were to be exposed at 1.5 
mm/min. This is shown in Figure 5-42. 
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Figure 5-42: UV exposure setup. The wafer is exposed using a 405nm LED that is shone 
through an acetate photo-mask whilst the wafer is moved along the path of the channels at 
1.5mm/min. 
Following exposure the wafer was again transferred to the hot plate and 
baked for 8 minutes at 65°C and then at 95°C for 30 minutes. Finally, the 
wafer was developed in EC solvent for 20 minutes and then cleaned with 
isopropanol. The mould was measured using an interferometer (Veeco 
Wyko NT3300) and was found to be 80µm wide and 140µm deep. This was 
not quite the desired depth but the aspect ratio should be sufficient. This 
highlights another potential advantage of a tuneable device as it allows 
greater tolerance in the manufacturing process as errors can be accounted 
for through deformation.  
Having created the mould the next stage was to create the PDMS device. The 
PDMS was made by mixing the elastomer and the curing agent (Dow 
Corning) at a 10:1 ratio. The PDMS was then degassed at 100mPa until there 
were no bubbles visible, before being poured over the wafer that has been 
placed in a foil-lined dish. This pressure was selected as below this pressure 
the PDMS tended to creep up the walls of the mixing vessel and spill over the 
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edge. PDMS was also poured into an empty dish with a flat bottom in order 
to create the secondary piece that would be bonded to the moulded PDMS.  
 
Figure 5-43: PDMS device fabrication. PDMS (10:1 elastomer to curing agent ratio) is 
poured onto a silicon wafer that has a negative mould of the channels made of SU-8 2075 on 
its surface. The wafer is placed in a foil lined glass dish so the PDMS can be removed from 
the mould after curing. The PDMS, wafer and dish are cured in an oven at 80°C for 3 hours. 
The PDMS was placed into an oven at 80°C for 3 hours to cure it. The dishes 
were kept as level as possible to ensure that the PDMS was the same 
thickness for the entire device. After curing, the PDMS was removed from 
the mould in the clean room and a 1.2mm corer (Harris Uni-core) was used 
to make the inlet and outlet holes. The two layers of PDMS were then placed 
into a plasma etching machine (Plasma Technology) and exposed to air 
plasma at 150W for 30s. Immediately following the plasma exposure, the 
two sheets were brought into contact, causing an immediate and 
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irreversible bond. The final stage was to attach the tubing by pushing Teflon 
tubing into the cored holes (0.5mm I.D, 1.5mm O.D) and then applying a 
small amount of PDMS around the base of the tubing to ensure the join 
remains sealed. The ends of the Teflon tubes were tapered using a grinding 
disc to reduce the chance of damaging the PDMS as they were pushed into 
the holes. 
 
Figure 5-44: Complete PDMS device. Two layers of PDMS are bonded together to form a 
water tight seal around a microfluidic sphere focusing channel. Teflon tubing is inserted 
through holes at either end of the channel to create an inlet and an outlet. Additional PDMS 
is added around the base of the tubing to improve the seal around the hole into which the 
tubing is pushed. Fluid is supplied to the inlet by a syringe powered by a syringe pump at 
the end of the inlet tubing (not shown). 
5.10.2 200µm Wide Channel 
The process for making a larger device was very similar to the process used 
to make the 80µm device. To ensure the channel was sufficiently large that 
12µm spheres would not be focused a channel cross-section of 200µm wide 
by 400µm deep was chosen. To achieve this, a mould was created by 
spinning two layers of SU-8 2075 onto a silicon wafer. As done previously, 
the SU-8 was spread using a spin speed of 500 rpm and an acceleration rate 
of 100 rpm/s for 30 seconds. This was followed by a spin at 1000 rpm for 60 
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seconds with an acceleration rate of 300 rpm/s to achieve the desired depth. 
Immediately after the spinning process the wafer was placed on a hot plate 
set to 65°C and left to bake for 15 minutes as the temperature ramped up 
followed by 45 minutes at a temperature of 95°C. After this baking period 
more SU-8 was applied to wafer on top of the previously baked SU-8. The 
spin process was then repeated followed by a secondary bake, again at 65°C 
and 95°C but this time for 7 and 30 minutes respectively. The wafer was 
exposed as before using a photomask, an ultraviolet (UV) LED and a moving 
stage. Due to the thicker layer of SU-8 a greater level of exposure was 
necessary. This was achieved by moving the stage more slowly than done 
previously, thereby extending the exposure time. The stage was moved at 
1mm/min. Upon completion of the exposure, the wafer was baked for a 
third time. The baking time and temperature were the same as with the 
secondary bake. The wafer was developed for 45 minutes in EC solvent, 
which was refreshed every 15 minutes until only the desired channel 
remained.  
The PDMS fabrication process remained identical to that used previously for 
the 80µm device. 
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6 Conclusion 
This thesis has presented two novel devices, one to facilitate medium 
exchange and another device that allows for tuneable inertial sphere 
focusing to potentially enable size based sphere sorting. 
The medium exchanger exploits the principals of fluidic resistance, along 
with the surface wetting characteristics, to continuously exchange two 
mediums. By employing mismatched flow rates, whereby the secondary 
medium is supplied at a higher flow rate, the primary medium can be 
extracted via an array of narrow perpendicular channels. The use of narrow 
channels allows droplets and spheres to be transferred from the first 
medium into the second medium whilst the exchange is occurring. Through 
simulations and experiments it has been demonstrated that the level of 
exchange is related to a number of factors associated with the device 
geometry along with the surrounding environment. It has been shown that 
the performance of the exchanger, as measured by the exchange percentage, 
can be improved by the following means: 
 Milling the main flow channel such that it is approximately as deep as 
the separator channel array. 
 Ensuring the outlet two channel is significantly deeper than the main 
flow channel and the separator channels. 
 Increasing the number of channels up to 200 channels. 
 Shortening the length of the separator channels, although this must 
be weighed against the diminished mechanical strength of shorter 
channels. 
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 Widening the separator channel width, however the size of the 
sphere to be exchanged must be considered when widening the 
channels to ensure that the spheres do not travel through the 
separator channels. 
 Increasing the temperature of the primary fluid. This is due to the 
reduction in viscosity that occurs at higher temperatures. A slight 
increase in exchange can also be attributed to thermal expansion of 
the device itself. 
 Increasing the length of the outlet one channel to increase the fluidic 
resistance of outlet one and therefore encourage more fluid to travel 
towards outlet two. 
An application of the medium exchanger has been demonstrated that uses 
the exchanger to create a buffer region in the creation of alginate spheres. 
This buffer region reduces the chances of unwanted channel blockages 
occurring. The work presented here has expanded the knowledge of how the 
medium exchanger works but there is still significant scope for future work. 
The primary areas of focus for future work should be in optimisation of the 
device for a specific application to achieve the maximum possible exchange, 
throughput and sphere retention. Another area with potential scope for 
future work is making improvements to the surroundings of the device. The 
manifold used here was found to present some problems in terms of 
blockages occurring at the inlets and outlets of the microfluidic chips. As 
such it would be highly beneficial to redesign the manifold, or to investigate 
other manufacturing techniques that would not require a surrounding 
manifold such as PDMS manufacture or 3D printing. 
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The second device presented in this thesis is an inertial focusing device that 
uses the balance of inertial lift forces and wall effect induced forces to focus 
spheres into two distinct streams. The focusing of spheres can potentially 
facilitate sphere sorting as the inertial lift force is dependent on the sphere 
size. The advancement presented here is the use of device deformation to 
tune the focusing. Along with sphere size, inertial focusing is also dependent 
on channel geometries therefore, by deforming the device such that there is 
a reduction in the channel width, different sphere sizes can be focused. 
Simulations were used to determine the optimum technique for deforming 
PDMS device and it was found that compression was a more effective 
technique than stretching in terms of the extent of the channel geometry 
change that was achievable and also in terms of the aspect ratios achieved. 
Given this information a simple mechanical actuator was used to reduce the 
channel width of a straight channel within a PDMS device from 200µm to 
130µm. This deformation was shown to improve the focusing of 12µm silica 
spheres from 51.4% ±2.1% up to 88% ±1.1%. To the authors knowledge this 
is the first time that device deformation has been used to tune an inertial 
focusing device. This device could be further developed to show actual 
sorting of spheres by using well placed outlets to collect unfocused spheres 
independently of the focused spheres. Focusing could also potentially be 
improved by using additional inlets to focus all spheres to the centre of the 
channel prior to entering the inertial focusing channel. This would decrease 
the chances of spheres being randomly positioned such that they could be 
incorrectly classified as focused. There is also scope for improving the 
device deformation by developing an actuator specifically for the purpose of 
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compressing the PDMS device. This could achieve greater accuracy and 
repeatability when compressing the device to specific channel widths. 
Future work should also look to investigate the impact of the wall curvature 
that was observed along the length of the channel and also the pinching 
across the depth of the channel. It would be beneficial to understand to what 
extent, if any, this bending affects the inertial focusing. 
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8 APPENDIX A - Laser Machining Study 
8.1 Experimental 
A 768nm femtosecond laser (THALES) was used to mill short channels 
(1mm x 5mm) into PTFE at approximately 0.4W. The channel was ablated 
using a series of lines separated by 25µm. Once ablation was complete, loose 
debris was removed from the channel using a separate piece of PTFE.  This 
was used to ensure that only loose debris was removed, rather than 
damaging the bottom of the channel. The channels were ablated in a grid 
meaning that three channels were ablated for each parameter to be tested. 
This channel grid was then coated in gold using a sputter coater (BALTEC 
SCD 005) at 50mA for 200 seconds.  Gold sputtering was performed to 
improve the results obtained when using the interferometer (Veeco Wyko 
NT3300) to measure the channel dimensions. Measurements were taken 
using the Veeco ‘Vision’ software at three points at the bottom of the 
channel, followed by three sub-regions (350µm x 350µm) and also one 
larger sub-region (0.6mm x 2.5mm). A final measurement of the peak depth 
of the channel was taken. 
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Figure 8-1: Interferometer depth plot of a channel created using femtosecond laser 
ablation showing the approximate measurement locations. Measurements were taken at 
points A, B and C (white) followed by sub-regions A, B and C (red) that were each 
approximately 350µmx350µm. A final measurement was taken using a larger sub-region 
(green) that was 600µmx2.5mm. 
Measurements were taken as indicated in Figure 8-1. Point measurements 
give data along lines in the X and Y directions (the full length and height of 
the region examined) that intersect at the given point. Point measurements 
were used to measure the average roughness in the X-direction, Ra(x), and 
also the Peak to valley difference in the X-plane, Rt, and Y-plane, d. The 
roughness in the Y-direction, Ra(y), was taken by using a point 
measurement within each of sub-regions A, B and C. The three 350µm x 
350µm sub-regions were then examined and measurements were taken of 
average roughness (Ra), root-mean-squared roughness (Rq) and peak to 
valley difference (Rt). The same measurements were also taken for a larger 
600µm x 2.5mm sub-region. A final measurement of the peak depth was 
taken by noting the peak to valley difference of the whole region. 
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The Vision software’s in built ‘data restore’ was used to smooth the data and 
also fill any gaps shown in the raw data, the benefit of this is clearly 
demonstrated in Figure 8-2. ‘Tilt removal’ was used to remove tilt from the 
2D analysis plots. ‘Tilt removal’ was also used when taking data from the 
sub-regions. 
 
Figure 8-2: Depth plot created from an interferometer measurement demonstrating the 
benefit of data restore. Gaps in the raw data (left) are covered when data restore is used 
(right) 
8.2 Results 
8.2.1 Number of loops 
A loop is determined, as one complete pass of the laser over the ablated 
region. Therefore, multiple loops means the same place is ablated more than 
once, but the z-plane focal position of the laser is not altered. The first 
obvious assumption to make would be that additional loops gives greater 
channel depth. This assumption can be tested by measuring the depth of the 
channels. The results of this are shown in Figure 8-3. 
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Figure 8-3: Impact of number of loops on the peak depth of the channels as measured using 
an interferometer. There is a significant gain in depth as loops is increased between 1 and 5 
after which there is little performance gain in terms of depth. Error bars represent 95% 
confidence level. 
As can be seen in Figure 8-3, initially extra loops do significantly increase 
the depth. After 5 loops, the depth gained by additional loops is only slight, 
suggesting that more than 5 loops offers little value when attempting to 
achieve greater depth. This is likely due to the channel depth going beyond 
the focal point of the laser, therefore, greatly reducing the power of the laser 
on the PTFE surface. The small step-up between 10 and 15 loops is likely 
due to a slight variation of the laser power. 
0
100
200
300
400
500
600
0 5 10 15 20
P
e
a
k
 d
e
p
th
 (
µ
m
) 
Number of Loops 
8 APPENDIX A - Laser Machining Study 
 251 
 
Figure 8-4: Impact of number of loops on the average roughness (Ra) of the surface within 
the larger sub-region (D) which is defined as shown in Figure 8-1. Surface roughness 
appear to be greatly improved by the use of a second loop but further loops appear to offer 
no roughness improvement. The error bars indicate 95% confidence level. 
The next thing to examine is the impact of the number of loops on the 
surface roughness at the bottom of the channels. Figure 8-4 shows the 
average roughness of sub-region D. The data suggests that there is merit in 
terms of surface roughness to having at least two loops. There is a 
significant drop in roughness between one loop and two loops. However, 
additional loops appear to offer no value in regards to improved surface 
smoothness. It is also important to note that additional loops do not detract 
from the roughness either, so if additional loops are required for increased 
depth there is no apparent detrimental effect on roughness. Figure 8-5 
demonstrates similar results for roughness along x and y-planes. The 
increased roughness in the y direction, when compared to the x direction, 
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could be a result of the ablation technique; a series of lines cut parallel to the 
x-axis. This technique leads to slight peaks and troughs between each line.  
 
Figure 8-5: Impact of ablation loops on the average surface roughness along x and y-planes 
taken from points A, B and C as defined in Figure 8-1. The roughness appears to be greater 
in the y-plane, likely due to the laser ablation technique. The error bars indicate 95% 
confidence level. 
8.2.2 Machining Speed 
Tests were run to examine the impact of machining speed on laser ablation, 
where only one loop was used as the speed was varied. When analysing the 
results, the data for 1B (1mm min-1) was excluded due to a machining error 
as shown in Figure 8-6. 
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Figure 8-6: Photomicrograph of laser ablated channel 1B (machining speed 1mm min-1) 
showing a machining error. Part of the channel was missed in the ablation process due to an 
emergency stop during the process consequently this channel was omitted from presented 
results. 
Again, the impact on channel depth was investigated. The speed was varied 
from 1mm min-1 up to 50mm min-1 and peak depth measurements taken, 
the results of which are shown in Figure 8-7. 
 
Figure 8-7: Peak depth of laser ablated channels as machining speed varies. It appears that 
greater depths can be achieved at slower machining speeds. Error bars indicate 95% 
confidence levels. 
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It can be seen from Figure 8-7 that increasing the machining speed leads to a 
reduction of the peak depth. There is a suggestion from this data that as the 
machining speed increases, the amount of depth lost for each increase is 
reduced, indicated by the decreasing gradient of the curve. This is 
demonstrated more clearly when using the depth measurements found from 
taking measurements at points A, B and C,  as shown in Figure 8-8. 
 
Figure 8-8: Average channel depth as femtosecond laser machining speed is varied. 
Interferometer measurements taken at points A, B and C as defined in Figure 8-1. Shows 
that depth is reduced as speed increases. There appear to be diminishing reductions as the 
speed increases up 40 mm min-1, beyond which it appears to level out. Error bars indicate 
the 95% confidence level. 
Having shown the impact of machining speed on channel depth the next 
parameter to investigate was surface roughness. As can be seen in Figure 
8-9 there does appear to be some impact with regards to average roughness. 
It appears that machining at 1mm min-1 offers the roughest surface although 
the error for this result is large. This may be due to the slight variation in 
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output power over time that is exhibited by the femtosecond laser. When 
milling at a slow speed, this could potentially mean that there is a greater 
power variation within a certain distance. This power variation would affect 
the depth, and hence, the surface roughness. The data also suggests that 
there is an optimum level of surface smoothness at around 10mm min-1. 
Once error bars are taken into consideration it appears that altering the 
speed beyond 20mm min-1 has little to no impact on the surface roughness. 
 
Figure 8-9: Average surface roughness at the bottom of PTFE channels in relation to 
machining speed of the femtosecond laser. Inteferometer roughness measurements taken 
from sub-regions A, B and C as defined in Figure 8-1. An optimimum machining speed for 
minimal surface roughness appears to be present at ~10mm/s. Error bars indicate 95% 
confidence levels. 
8.3 Conclusion 
It has been demonstrated that machining speed and number of loops can 
have a significant impact when femtosecond laser ablating PTFE. This data 
can, therefore, be used as a guide when determining how to micro-machine 
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PTFE. The user must determine what trade-offs need to be made by deciding 
if roughness, depth or time taken are the priorities for a given situation. 
Although previous studies have investigated laser ablation of polymers such 
as PTFE they have generally been concerned with investigating the nature of 
the laser itself. Investigating the impact of properties such as fluence, 
wavelength and pulse duration on ablation rate [204, 205] whereas the 
work presented here puts more focus on the machining properties like 
machining speed and number of loops. 
